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Microbially induced calcite precipitation (MICP) has been widely investigated for its 
application in self-healing concrete. Several studies in the past few years presented that MICP 
is a promising approach to seal and rehabilitate the shallow crack on concrete structure. Such 
studies have revealed that healing could occur in different conditions. In addition, bio-agents, 
including bacteria, calcium source, and nutrients, should be encapsulated in carrier to ensure 
the efficiency of healing. 
Therefore, the main objective of this research was to optimize the efficiency of healing from 
the aspects of bio-agents’ content, carrier, calcium source, and evaluate the impact of 
carbonation and healing environment on the healing efficiency of bacteria-based self-healing 
mortar (BBSHM). The only bacterial strain used in this research was Bacillus Cohnii aiming to 
facilitate the comparison. To evaluate the healing degree, it requires an understanding of 
quantity and quality of healing, permeability and durability of concrete, and influence of the 
addition of bio-agents on the properties of concrete. 
This research is divided into five steps from the aforementioned aspects. Step 1 compared the 
feasibility of two types of carriers, perlite and aerated concrete granules (ACG), for bio-agents 
in BBSHM. ACG showed generally greater feasibility in terms of density, water absorption, 
and healing performance of BBSHM. As BBSHM using perlite reached 97% healing ratio in 
water flow coefficient as the highest, but ACG-based BBSHM achieved about 100% healing. 
In addition, coating was used to better protect carriers from leaking, compared to double-layers 
(DL) coating consisting of sodium silicate and cement powder, PVA (polyvinyl acetate) coating 
was more feasible in BBSHM. Mortars using DL coating had maximum of 86% healing in 
crack width, however, crack of mortars using PVA coating achieved 100% healing in width.  
To maximize the amount of precipitated calcite, step 2 evaluated the influence of bio-agents’ 
content, including bacteria, calcium acetate, and yeast extract, on the healing performance of 
BBSHM. It was found that the amount of yeast extract had relatively governing effect on the 
healing efficiency of BBSHM. Moreover, a hypothesis was raised for a proportional 
relationship between the content of each bio-agent. For certain amount of calcium acetate, a 
range of bacterial cells’ number may be presented in the process of ICP to achieve highest 
amount of precipitated calcite. 
To facilitate the manufacturing process, step 3 determined the possibility of using calcium 
nitrate as the calcium source to non-ureolytic bacteria in BBSHM, as calcium nitrate can be 
directly added into cement matrix to compensate the retardation caused by yeast extract. Results 
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suggested that non-ureolytic bacteria successfully precipitated calcite by using calcium nitrate 
and calcium nitrate-based BBSHM achieved high-level healing reaching 100% healing ratio of 
both crack size and water flow coefficient. 
Step 4 investigated the effect of carbonation on the healing efficiency of BBSHM to simulate 
the aged concrete in-situ. It was found that carbonation had significantly negative impact on 
the healing. In addition, the encapsulation and higher amount of yeast extract contributed to the 
healing. 
Finally, to evaluate the influence of the healing environment, step 5 investigated the healing 
performance of BBSHM in four healing regimes, including i) daily wet-dry cycle healing 
regime, ii) weekly wet-dry cycle healing regime, iii) deposition medium healing regime, and 
iv) semi-submerged healing regime. Water was generally shown to be more essential than 
oxygen in terms of MICP, and healing regime with simultaneously supplied oxygen and water 
worked greater for BBSHM containing directly added calcium and yeast extract. Moreover, 
extra supplied calcium source (10 g/l) and yeast extract (2 g/l) in the cycling water were shown 
to promote healing at early stage but damage the precipitated calcite afterwards. In addition, to 
better understand the requirement of oxygen, oxygen-releasing coating (ORC) containing 
calcium peroxide was used in BBSHM, results indicated great feasibility in BBSHM and 
promoted healing to some extent, where ORC-based BBSHM achieved 100% healing in crack 
width in daily wet-dry cycle healing regime, and more than 60% healing in water flow 
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1 Chapter 1 Introduction 
1.1 Background 
Concrete is a construction building material that dominates the built infrastructure. It is a 
heterogeneous composite mainly consisting of cement, coarse aggregate, fine aggregate, and 
water. Due to its reliable strength, versatility, durability, and thermal mass, concrete is the 
mostly widely used building material. However, concrete may occur crack as a result of many 
different types of damage. Based on Alazhari [1], these cracks can be categorized into two 
types, (i) structural cracks deriving from the design defects, supervision, and construction 
issues; and (ii) non-structural cracks which are caused by the ambient conditions, e.g. 
temperature, humidity etc. For these non-structural cracks, damage can be caused by 
freeze/thaw cycles, corrosion, extreme load, and other factors. Consequently, many efforts have 
been made on maintaining concrete structures. The maintenance is recurrent and costly, as 
many countries have spent billions of dollars, for example Europe has spent 50% of annual 
construction budget (in Euros) on repairing rehabilitation of the existing buildings, and the 
average cost of maintenance and repair of bridge in US is about $5.3 billion [1]. In addition, 
UK has £80 billion, about half of construction budget, spent on the repairing and maintenance 
work [2]. Therefore, many countries have developed novel construction materials to be more 
durable and have less repair [3]. 
Corrosion is one of the largest issues affecting the durability of concrete, particularly for the 
reinforcement inside concrete. Corrosion is mostly triggered by the attack of aggressive agents, 
such as the chloride ions which can penetrate through the crack and consequently break down 
the reinforcement. As a result, the loss of bonding between reinforced steels and concrete 
reduces the durability of concrete [4]. 
Carbonation is harmful to concrete structure as well. In the utilization process of concrete, CO2 
penetrates into concrete structure and reacts with water and hydroxyl, where the pH value 
consequently decreases. In this case, the decreased pH value may destroy the passive film 
around the reinforced steel and further enhance the corrosion of steels. 
There are many pathways to increase the durability and prevent corrosion. Many attempts have 
made to reduce the quantities and size of these cracks. For example, using higher quality of 
materials, or a greater mixing proportion, having appropriate curing conditions, etc. However, 
the appearance of crack is inevitable. In the recent decades, there are many studies on 
developing self-healing concrete (SHC) that is able to heal the crack by concrete itself and 
alleviate the cost. Some cracks may disappear after a while, particularly micro-sized crack up 
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to 1 mm. This type of healing is called “intrinsic healing” [5,6], and normally occurs on early 
aged concrete. However, intrinsic healing is excluded in the discussion of SHC which uses 
more intelligent material.  
Dry [7–11] firstly investigated the SHC in 1990, and many studies have done to develop this 
type of concrete afterwards. Huge progress has achieved over the past decades and self-healing 
have been classified into two categories: autogenous healing and autonomous healing. 
Autogenous healing is the self-healing process which is trigged without any external operation, 
and the crack-healing phenomenon is commonly based on the hydration of un-hydrated 
cementitious particles remained in matrix [12]. Whereas autonomous healing is automatically 
triggered by the extra added artificial material in the concrete matrix.  
Two types of autogenous healing are introduced, one is the typical autogenous healing which 
is mainly based on the hydration of unhydrated cementitious particles remained in matrix [12], 
another one is called “simulated autogenous healing” which is based on the cement hydration 
as well, but this healing relies more on the extra added mineral additives that enhance the 
cement hydration. 
Autonomous healing is trigger by the artificial self-healing agents in the concrete. These self-
healing agents were embedded in concrete via various delivery methods. In the past several 
studies, some carriers, e.g., glass tube, vascular tube, lightweight aggregate, etc. were used in 
SHC. Once crack occurs, these carriers crack and release self-healing agents therefore heal the 
crack. 
Two types of additives are used in autonomous self-healing, chemical additives, and bio-based 
additives. Chemical additives include cyanoacrylates [13–15], epoxy [16,17], silicon [18], or 
alkali-silica solution [19]. During the healing, these chemical materials expand [20] to fill the 
crack. 
Bio-based self-healing concrete uses bacteria, such as Sporosarcina pasteurii, Bacillus 
sphaericus, Bacillus pseudofirmus, Bacillus cohnii, etc., trigger activation of the self-healing 
mechanism. In the bacteria-based self-healing concrete (BBSHC), precursor, and yeast extract 
are embedded together with bacteria. In the healing process, yeast extract provides nutrients to 
bacteria and supports their germination and growth, and bacteria works as catalyst for degrading 
the precursor into calcite – which fills the crack.  
In the terms of bacterial strains in BBSHC, two types are mainly used, ureolytic and non-
ureolytic, the healing relies on the microbially induced calcite precipitation (MICP) Ureolytic 
bacteria, such as Sporosarcina pasteurii, produce calcite through the hydrolysis of urea, 
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whereas non-ureolytic bacteria, like Bacillus pseudofirmus, form calcite by degrading calcium-
based compound. In these cases, urea and calcium compound are the precursors for ureolytic 
and non-ureolytic bacteria in BBSHC. 
In this research, Bacillus Cohnii, which is non-ureolytic bacteria, was used as the bacterial 
strain. Main reason for that is in the process of MICP using ureolytic pathway, ammonia will 
be formed as a by-product, and this may be harmful both to the concrete and environment. 
Therefore, this study focused on developing BBSHM using non-ureolytic bacteria. For 
BBSHM, the main delivery systems are capsule and tube. Bio-agents were encapsulated prior 
to the casting of sample, and these agents will not be activated before crack appears. While 
casting BBSHC, yeast extract and calcium compounds are normally encapsulated together, and 
bacteria are carried individually. Different types of carriers were used in the delivery system, 
like glass tubes [22], microcapsules [23], and lightweight aggregate [24]. In this study, 
lightweight aggregate (LWA), including perlite and aerated concrete granules (ACG), was used 
as the carrier due the advantages of good feasibility, low cost, evener distribution in the 
BBSHM. Bacterial spores and growth media (calcium compound and yeast extract) were 
encapsulated in LWA separately.  
BBSHC is a newly developed building material, therefore many aspects are still under study. 
Jonkers et al. [25] have confirmed the potentiality of using non-ureolytic bacteria in BSSHC 
and investigated the resistance of bacteria to the harsh environment in concrete. However, there 
are still many issues need to be investigated. Overall, in this research, the overarching aim is to 
optimize the healing performance of bacteria-based self-healing concrete by using different 
source, different encapsulating method, and investigating the environmental impact. 
 
1.2 Motivation 
As a newly developed building material, BBSHC still presents some problems. To optimise the 
behaviour of BBSHC, in this research, some issues have been stated and investigated. Based 
on previous studies, following problems can be presented: 
• Although in the past studies, great healing and some recovery in water permeability 
was achieved, there are still some aspects to be improved, such as shortening the 
healing period, improving healing degree etc. 
• Various carriers were investigated before, each carrier shows some advantages but 
some disadvantages. For LWA, Zhang et al. [26] used perlite, and Wiktor and Jonkers 
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[27] used expanded clay. However, loss in strength was observed on BBSHC, 
therefore, to optimize the healing and also reduce the strength loss, some different 
types of carrier worth investigating. 
• The current manufactory process requires all bio-agents encapsulated prior to the 
casting, consequently, this process is complex and costly which may cost about 175 
dollars per cubic meter. To simplify the process, some alternative bio-agents, 
particularly the calcium compound, are considered. 
 
1.3 Research objectives 
The main objective of this study was to optimize the healing performance of BBSHC. However, 
to better understand the effect of healing on the cementitious material, and facilitate the 
experiments, all cementitious prisms cast in this study were actually bacteria-based self-healing 
mortar (BBSHM). In this study, the main objectives are listed as: 
• Step 1: To improve both the healing efficiency of BBSHM and mechanical 
performance of BBSHM, different carriers and coatings for bacteria, calcium source, 
and yeast extract were evaluated. 
• Step 2: To increase the amount of precipitated calcite, it was necessary to optimise 
the amount of bio-agents (bacteria, calcium source, and yeast extract) and evaluate 
the possible relationship between them. 
• Step 3: To facilitate the manufacturing process, calcium nitrate was considered as an 
alternative calcium source to non-ureolytic bacteria in MICP, that the calcium source 
could be directly added into BBSHM along with yeast extract rather than 
encapsulated in the carrier. 
• Step 4: To determine the efficiency of MICP in carbonatation condition, healing 
performance of carbonated BBSHM was assessed. Carbonation is an issue related to 
the durability of concrete structure, therefore in this step, carbonation effect on 
BBSHM is considered as well. 
• Step 5: To ascertain the effect of environment on the healing performance of 
BBSHM, cracked mortar sample in four different healing regimes were investigated. 
In addition, to better understand the influence of oxygen on the MICP, oxygen-





1.4.1 Optimize the healing 
In the first section, primary studies are conducted on (i) step 1 bio-agents’ content, (ii) step 2 
the carrier type, and (iii) step 3 the type of calcium source, research is illustrated as Figure 1-1. 
 
 
Figure 1-1 Methodology of optimization of healing in terms of bio agents’ amount, carrier type, 
and calcium source type in step 1,2, and 3 
 
Where the first step of step 1, adjusting the bio-agents’ amount, mainly focus on the amount of 
bacterial spores, calcium source and yeast extract. It should be noted that Bacillus bacteria may 
present two forms, cell and spore, where spore contains a complete set of the genetic material 
(DNA) from the vegetative cell, ribosomes and specialized enzymes, and with the delivery of 
nutrients, spore can germinate to cell. Different content of each bio-agents was used and 
investigated. Based on previous successful experiment conducted by Mohamed et al. [28], 
calcium acetate will be the only calcium source in this stage. 
6 
 
The next stage of step 2 investigated the carrier type. Perlite had been previously used in 
BBSHM [16,17], however, as a comparison, aerated concrete granule (ACG) was investigated 
in this stage as, being a CSH based material, there were reasons to suspect it had better 
compatibility with the matrix.  
The final stage of step 3 considered the calcium source. In the BBSHM using calcium acetate, 
due to the retardation effect of yeast extract on the cement hydration, all bio-agents need to be 
encapsulated. Therefore, to facilitate the manufacturing process, calcium nitrate - as a cement 
hydration accelerator – was considered as an alternative calcium source in BBSHM. To confirm 
the feasibility of using calcium nitrate for non-ureolytic bacteria, microbial tests were carried 
out firstly. Then calcium nitrate was used in BBSHM in the form of direct addition with yeast 
extract. 
 
1.4.2 Impact of the healing environment 
The investigation on the impact of the healing environment focused on two aspects, (i) step 4 
carbonation effect, and (ii) step 5 effect of healing incubation environment. The research 




Figure 1-2 Methodology of impact of the healing environment in terms of effect of carbonation 
and effect of the healing environment in step 4 and 5 
 
The research in step 4 on the effect of carbonation compared the healing between carbonated 
and uncarbonated samples which had the same mixture proportions. To investigate the effect 
of carbonation on the compounds of mortar, some cement paste samples were cast and analysed 
with X-ray Powder Diffraction (XRD) and Thermalgravimetric analysis (TGA). 
For the effect of healing condition, four healing regimes were designed as follow: 
Daily wet-dry cycle healing regime: where samples were submerged under water for 16 hours 
and exposed to atmosphere for 8 hours daily. 
Weekly wet-dry cycle healing regime: where samples were under water for 3 days and 
exposed to atmosphere for 4 days weekly. 
Deposition medium healing regime: where samples were subjected to daily wet-dry cycle 




Semi-submerge healing regime: where samples were placed by half submerged under water 
and half exposed to atmosphere at the temperature of 20 ºC. 
Given the results from previous studies, both water and oxygen were essential to the 
germination and growth of bacteria, therefore adjusting the period of water and oxygen was 
considered as an appropriate method to improve the healing condition for BBSHM. Moreover, 
since only limited amount of growth media can be embedded in BBSHM, extra supplementary 
of growth media in the incubation system may contribute to the healing in BBSHM. 
In addition to the healing regime, oxygen-releasing coating (ORC) were included in some 
samples to investigate the effect of oxygen on the healing performance of BBSHM. During 
healing, ORC was dissolved and slowly released oxygen for both the growth of bacteria and 
the MICP process. 
 
1.5 Outline of the thesis 
This thesis is organized into ten chapters: the general introduction is given in Chapter 1, which 
illustrates the main background, objectives, and methodologies. A general review of the past 
studies on the self-healing concrete is described in Chapter 2. This review summaries types of 
self-healing concrete (SHC), the delivery system developed in SHC, and some main testing 
methods. The review of BBSHM continues in Chapter 3, where the typical delivery system in 
BBSHM, bio-agents’ content, and healing performance of BBSHM are discussed. Chapter 4 
introduces the detailed methodologies adopted in this thesis, including the materials used, 
samples’ preparation process, and testing methods. Chapter 5 covers the utilization of perlite as 
the carrier in BBSHM, while Chapter 6 illustrates the using of ACG as the carrier. In Chapter 
7, calcium nitrate was investigated as the calcium source in BBSHM. Carbonation effect on the 
healing performance of BBSHM is given in Chapter 8. Effect of healing environment is 
illustrated in Chapter 9. And, finally, Chapter 10 presents the general conclusions from this 
research, outlook, and some recommendations for future work. References are given at the end 




2 Chapter 2 A review of self-healing materials, delivery system and 
evaluation methods 
2.1 Introduction 
Concrete is one of the most widely used building materials around the world due to its high 
strength, low cost, numerous shapes and sizes etc. However, some drawbacks may negatively 
affect the application of concrete, such as its low tensile strength and the resulting cracks that 
appear therein. Various types of cracks occur in plain or reinforced concrete structures, and 
they can hardly be prevented [1,2]The ingress of harmful substances in the atmosphere, e.g. 
chloride, sulfate, salts, via the crack can cause degradation of concrete or corrosion of 
reinforcement steels. In addition, enhanced carbonation via the occurred crack may be 
detrimental to the reinforced steels by destroying the steel passive oxide film and accelerating 
the corrosion [4–6]. Therefore, to increase the durability of concrete, periodic maintenance is 
required, but the cost of repair is relatively high, and the maintenance may interrupt the 
serviceability of some concrete structures, e.g. roads, bridges and tunnels etc. [7]. And for some 
underground structures, such as pipes, or structures underwater, it is difficult to gain access for 
maintenance [8]. Hence, to reduce the repair cost and increase the service life of concrete, 
moreover, save materials, reduce pollution and energy consumption [3,5], self-repair of crack 
has been investigated as a novel strategy.  
This chapter mainly focus on reviewing the general self-healing concrete or mortar from the 
aspects of self-healing types, definition of self-healing, self-healing agents and their 
corresponding delivery system, and assessment methods for self-healing mortar. It should be 
noted that details of bacteria-based self-healing phenomena, including agents’ type, assessment 
for mortar sample etc. will be given in next chapter, and this chapter only focuses on the 
chemicals-using SHC.  
 
2.2 Types of self-healing phenomena 
The self-healing mechanisms have been defined by many authors and organizations [10–13] 
Since large differences are noticed in these definitions, a summary of each is given below: 
2.2.1 Definition of self-healing 
The Japanese concrete institute (JCI) committee 
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The definition and academic terms of self-healing given by JCI are shown in Figure 2-1, in 
which: 
Natural healing stands for a phenomenon that cracks are naturally closed in the moisture 
condition but without extra delivered materials. 
Autonomic healing means cracks can be closed with the addition of special material, like 
epoxy resin, sodium silicate etc. 
Activated repairing is a phenomenon of crack closure involved in embedded devices, such as 
vascular, microcapsule, etc., in the concrete. 
Autogenous healing is a concept combining natural and autonomic healing in which the cracks 
are closed with the presence of moisture.  
Engineered healing is a phenomenon encompassing autonomic healing and activated repairing,  




RILEM has divided the self-healing mechanisms into two groups: 
Figure 2-1 Definition given by JCI of self-healing phenomenon 
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Autogenic: is the recovery process that uses material components without any specific designed 
self-healing additions. 
Autonomic: is the recovery process that uses material components that cannot be found in the 
original material. 
 
This work followed the definition given by RILEM, as the author believe that all the healings 
















Van Tittelboom & De Belie definition  
Terms given by Van Tittelboom and De Belie [14] are autogenous, autonomic and autogenomic 
healing, in which autogenomic healing compasses partial autogenous and autonomic healing. 
Both autogenous and autonomic healing described in their study are similar to terms given by 
JCI. 
SARCOS definition 
Belie et al. (2018) categorised cracking treating methodologies into passive treatment and 
active treatment, where the former is carried out manually after inspection and the healing only 
occurs on the surface, whereas the latter are regarded as self-healing, applied at the construction 
stage and may seal both interior and exterior cracks. 
In this review, based on [15], self-healing process will be divided into three groups, autogenous 
and autonomous healing. The main categories of self-healing process are shown in Figure 2-2. 
 
2.2.2 Autogenous & Simulated autogenous self-healing 
Autogenous healing 
Autogenous healing is the self-healing process which is trigged without any external operation, 
and the crack-healing phenomenon is commonly based on the hydration of un-hydrated 
cementitious particles remained in matrix [16]. Autogenous healing has been widely 
investigated by researchers for decades [9,17–19]. 
The French Academy of Science was the first to investigate the autogenous self-healing 
phenomenon on water-retaining structure in 1836, as the white crystallization layer was 
observed to be formed over crack while calcium hydroxide was turned to calcium carbonate 
[20]. In 1913, crack closure of reinforced concrete was noticed during the pull-out test by 
Abram [21]. Later, the self-healing phenomenon of concrete was studied by Soroker and 
Denson [22]. Lauer and Slate [11] confirmed the formation of calcium carbonate crystal due to 
the carbonation of calcium hydroxide contributed to the crack closure. Dhir et al. [23] 
developed a superior autogenous healing system with low water to cement ratio. Jacobsen et al. 
[24] then noticed that cracks with width up to 0.2 mm were healed by autogenous healing. The 
healing efficiency was believed to be related to time [18], in which the concrete expands 
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through the crack wings and the further hydration of cementitious particles produces calcium 
carbonate to accomplish the self-healing process [25]. 
The hydration of un-hydrated cement particles is also commonly agreed to be significantly 
related to water addition, whilst the soluble components in cement needs to be dissolved and 
deposited in water [26]. Cement consists of 75% of tricalcium silicate (C3S) and dicalcium 
silicate (C2S) [27] which hydrate to form calcium silicate hydrates and carbon hydroxide. The 
calcium hydroxide reacts with carbon dioxide in the presence of water and form calcium 
carbonate which can seal the crack. However, this autogenous self-healing can only occur at a 
pH level above 7.5 [28]. Neville [25] stated that the self-healing related to hydration is primarily 
for early-age concrete while less calcium hydroxide presents in cementitious matrix at later 
stage. 
According to Hearn [20], concrete is created to have natural self-healing ability to close up the 
crack with time. Figure 2-3 shows different causes that lead to the autogenous healing. 
Physical cause leads to the swelling of the two sides of crack by the hydration of cement paste, 
and the swelling may cause the crack closing. 
Chemical causes consist of continued hydration and calcium carbonate formation.  
a) The ingressive water via the open crack can cause the hydration of unhydrated 
cement particle inside the concrete sample, and hydration products are formed 
filling in the crack and may lead to the crack closure. The continuous hydration is 
valuable to the regain of mechanical properties of the cementitious material as the 
newly formed hydration products have the similar composite and strength to the 
previously formed calcium silicate hydrate (CSH) gel and calcium carbonate. But 
only crack size within 0.05 – 0.1 mm can be blocked by the continued hydration 
[29]. 
b) Reactions between calcium ions and carbonate ions brought by ingressive water can 
lead to the formation of calcium carbonate. Some factors may affect the calcium 
carbonation formation, e.g. temperature, pH and crack width etc [30]. 
c) Carbonation was evidenced to be the most efficient regarding to the crack healing 
[4,11,26]. According to the report wrote by Edvardsen [30], calcium carbonate 
precipitation occurs as long as calcium ions are presented in the vicinity of the crack. 
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Results shown in the paper wrote by Edvardsen [30] revealed that, regardless of the 
pH value of the water, slightly acidic or neutral, the water’s pH will locally rise up 
due to the dissolution of alkaline compositions contained in the concrete matrix, e.g. 
NaOH, KOH, and Ca(OH)2. 
Mechanical causes mainly caused by fine particles which are broken from fracture surface or 
originally in the water. 
 
 
Based on the mechanisms of autogenous healing presented above, there are three main factors 
may influence the healing efficiency: 
1) Age and compositions of cement, Compositions of cement governs the intrinsic 
properties of concrete. Although cement type is considered to have minor influence [30], 
the clinker content determines the calcium ions content and consequently the calcium 
carbonate precipitation. Secondly, silicate additions’ content and type, such as sodium 
silicate, is considered to be important in terms of their consumption of calcium 
hydroxide (CH). Thirdly, aggregate type may affect the crack pattern and dimension, 
and subsequently affect the healing. Fourthly, mixing proportions of concrete, 
specifically the water to cement ratio, as it directly affects the cement hydration degree 
and duration, and easily affects the quantities of remained unhydrated cement. Lastly, 
Figure 2-3 Different causes leading to autogenous healing [259]. 
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the age of concrete is essential to the healing mechanism. At early stage, the concrete 
contains more unhydrated cement and therefore develops considerable quantities of new 
hydration products as a result of undergoing autogenous healing. 
2) Water, considered to be an essential factor regarding to autogenous healing. Since the 
major chemical reaction in autogenous healing is the continued cement hydration, water 
is proven to be important influencing the healing process. Furthermore, the ingress of 
water could transport the fine particles and subsequently trigger the physical and 
mechanical healing process. Generally, water has been reported to be one of the key 
factors in terms of autogenous healing. A few research found that wet-dry cycle healing 
condition worked greater, which is possible due to the more accessible CO2 in the 
atmosphere related to the carbonation reactions in the healing process [14,25,27].  
3) Cracks, the geometry and dimension of crack determine the degree of autogenous 
healing. Based on the analysis above, autogenous healing is less effective on wide crack 
(<300 µm), the narrower the crack is, the greater autogenous healing performs. 
Simulated autogenous healing 
Mineral Addition 
Mineral additions are commonly used in concrete nowadays, and these minerals can affect 
cement hydration and properties of concrete, as well as autogenous healing as an intrinsic 
healing capacity of concrete. Mineral additions aiming at enhancing autogenous healing of 
concrete is regarded as supplementary cementitious materials (SCMs). The main studies in this 
filed are attributed to high-performance fiber-reinforced cementitious composites (HPFRCC) 
or engineered cementitious composites (ECCs).  
The majority of mineral additions to trigger simulated autogenous healing is considered to be 
blast-furnace slag (BFS) and fly ash. A considerate amount of these additions will remain 
unhydrated even at later age, which may result in promoted autogenous healing. A few 
researches[28,29] have pointed out that with partial cement replaced by blast-furnace slag and 
fly ash, autogenous healing is importantly improved. 
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Specimens under seawater also illustrate improved autogenous healing. This may be due to the 
presence of sulfate and magnesium ions in the seawater, leading to precipitation of brucite 
which can additionally seal the crack. Comparing to cement mixture added by blast-furnace 
slag, Portland cement heal quicker in the seawater incubation condition [34]. 
Crystalline Admixtures 
Differ to supplementary cementitious materials (SCMs), crystalline admixtures are added in 
less dosage than SCMs, where normally 1% by mass of cement for the former and ≥5% for the 
later [15]. Crystalline admixtures is typically used as permeability reducing admixtures (PRA) 
in the construction industry [35]. According to the few publications reported the chemical 
composites of these crystalline admixtures, different oxide compounds were presented, such as 
sulfur trioxide [36] or sodium oxide [37]. Generally, these crystalline admixtures are used 
mixing with cement, water and sand. With the presence of water, crystalline admixtures can 
form insoluble pores, and consequently enhance the water-resistant property of concrete 
mixture. 
In the research conducted by Sisomphon et al. [36], mechanical properties recovery of 
specimens added with crystalline admixtures showed no significant difference to the control 
samples. However, after adding in combination with a calcium sulfoaluminate expansive agent, 
the results showed great benefit. Another study published by Ferrara et al. [38] showed that the 
specimens with addition of crystalline admixtures at dosage of 1% had 15% greater strength 
recovered than normal concrete. Roig-Flores et al. [35,36] studied the healing performance via 
water permeability and visual observation. In their report, crystalline admixtures were unable 
to heal crack in 95-100% humidity condition, but only healed specimens under water.  
Superabsorbent Polymers 
Superabsorbent polymers (SAPs) are either natural polymer or synthetic 3D crosslinked 
homopolymer with a high water-absorbent capacity. The swelling capacity of SAPs depends 
on the density of the cross-linking and the natural property of the monomer.  
Some researchers have studies the potential of using super absorbent polymers (SAP) in 
concrete mixture to enhance the autogenous self-healing capacity of concrete [41]. SAPs are 
polymeric materials which can absorb remarkable amount of liquid from the surrounding 
environment [42], SAPs can extend 500 times larger at pH level of 12 [24,25]. Kim and 
Schlangen [42] conducted an experiment on concrete containing SAPs with PVA-based EEC. 
First four-bending test was induced to develop crack and second four-point bending test was 
applied on 28-days healed samples. The SAP-based samples were concluded to gain extra 
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flexural strength compared with control samples. In another experiment exhibited by Snoeck et 
al. [45], based on the flexural strength test and permeability test, samples with 2% and 4% (w/w 
cement) SAPs showed 100% healing after 28 days although the strength showed a 40% 
reduction for 4% and 20% decrease for 2%. The samples with 1% addition of SAPs exhibited 
80% healing and 50% improvement in strength compared to sample with 2% SAPs. 
Overall, as described above, the majority of recent research on simulated autogenous healing 
has focused on Engineered cementitious composite (ECC). Li et al. [46] were the first to use 
engineered cementitious composite (ECC) with polyethylene fibres as the mechanical 
reinforcement to control the crack width. They observed that cracks with width up to 50 µm 
and 30 µm were healed with addition of the Superglue (ethyl cyanoacrylate, a thermoplastic 
monomer manufactured by Loctite). Later, the authors [47] observed a reduction in crack width 
up to 60 µm while adding 3% to 5% polyvinyl alcohol fibres. 
2.2.3 Autonomous self-healing 
Autonomic self-healing is the ability that material can seal the crack with the addition of 
external added healing materials. Various composites, including chemicals and biologicals 
materials, have been studied by many researchers as the healing material in the self-healing 
[48–50]. In this chapter, only chemical self-healing agents will be discussed, and bio-agents 
will be given in next chapter for detailed discussion. Single component, such as cyanoacrylates 
[46,51,52], epoxy [9,53], silicon [54], or alkali-silica solution [26] showed high potential in 
self-healing ability. But Dry and McMillan [55] stated that multi component may have higher 
stability than single in situ application. Therefore, the authors investigated multi-component 
methylmethacrylate system [39,40] and two-component epoxy resin [54]. Van Tittelboom et 
al.[57] also used two-component polyurethane foam, in which one acts as accelerator to shorten 
the reaction. 
Dry et al. [50] compared the self-healing of epoxy resin injection and epoxy resin embedment, 
and the results suggested embedment as a better approach for self-healing. Hollow glass tubes 
were used as encapsulation method in many investigations [9,26,46,52,54–56,58], the 
embedded tubes are broken and release the encapsulated healing agent upon the crack formation. 
Nishiwaki  et al. [53] have encapsulated low viscous epoxy resin in thermoplastic film tubes, 
and a self-diagnosis composite can trigger heating upon the formation of crack, resulting in the 
melted tubes and released epoxy resin. Although the embedded tubes are generally large with 
the diameter from 0.8 mm [46] to 4 mm [9], only a small amount of healing agent was noticed 
to be released due to the capillary force [52]. Therefore the authors designed a tube system with 
open end to eliminate the suction effects caused by the closed end [52]. Also Dry [58] and 
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Mihashi et al. [26] embedded hollow tubes inside the specimens with connection to a reservoir 
outside. However, as the healing agents need to be manually supplied, the system cannot be 
treated as self-healing. Van Tittelboom et al. [57] immobilized a two-components polyurethane 
in tubes made from glass or ceramic tubes. The expanding reaction of the two components acts 
as driving force pushing healing agents out of the tubes by the formation of crack.  
Sodium silicate was also used as chemical healing agents reacting with undissolved calcium 
hydroxide to produce calcium silicates (C2S and C3S) in self-healing concrete [59]. The product 
of the chemical reactions is identified as CSH gel which is also the hydration product of cement, 
and this product is capable to fill the crack. However, sodium-silicate-hydrtes (N-S-H gel) is 
also formed by another simultaneous chemical reaction. 
CSH gel: 
 
Na!O · SiO! + Ca(OH)! → x(CaO · SiO!) · H!O + Na!O                                                 Eq.2-1 




SiO! + 4NaOH → Na#SiO + 2H!O                                                                                    Eq.2-3 
 
Another chemical reaction occurs between magnesium oxide (MgO) and cementitious particles 
based on the carbonation of MgO and autogenous healing. The carbonation of MgO causes the 
volumetric changes which can potentially heal the crack. 
 
MgO + H!O → Mg(OH)!                                                                                                    Eq.2-4 
Mg(OH)! + CO! + 2H!O → MgCO" + 3H!O                                                                   Eq.2-5 
 
Fungi 
Various species have been investigated to be able to promote calcium mineralization, e.g. 
Pestalotiopsis sp, Myrothecium and Alternaria sp etc [60–65]. Luo et al. [66] were the first to 
use fungi as a self-healing agent to aid precipitation of calcium minerals. Fungi are a group of 
eukaryotic organisms with diversity at 1.5 M-3.0 M species [67]. However, this method has 
been proved to have less positive effect on crack healing due to limited precipitates’ amount, 
although Luo et al.’s research showed that the fungi T. reesei (ATCC13631) successfully 
germinated and grew within concrete despite a high pH of around 13. Moreover, the 
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In heterotrophic-mediated pathway, calcium carbonate precipitation occurs either by nitrate 
cycle or by sulphur cycle. 
Nitrate reducing bacteria which can simultaneously inhibit corrosion and provide crack-
plugging was recently investigated by trying different bacterial strains, such as Pseudomonas 
denitrificans [68] and Castellaniella denitrificans [69]. Erşan et al [70] tried two newly isolated 
strains, Diaphoro bacteria nitroreducens and Pseudomonas aeruginosa for the application in 
concrete. The inhibition of corrosion of steel can be achieved by the biological NO3- reduction, 
which takes place by using NO3- as an electron acceptor, instead of O2 during the microbial 
oxidation of organism (Eq.2-6-2-10). Moreover, the reduction reaction (Eq.2-6) also leads to 
the production NO2- which is known as a corrosion inhibitor. In the presence of Calcium ions, 
calcium carbonate precipitation can be achieved during the process of nitrate reduction (Eq.2-
5). Furthermore, in the nutrient-poor environment, the calcite precipitation was observed to be 















→ CO! + 2NO + 2H!O                                                             Eq.2-7 
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Sulphur cycle is achieved by sulfate reducing bacteria (SRB). The degradation reactions are 




→ H!S + 2HCO"
$                                                                                     Eq.2-11 




+ H!O                                                                             Eq.2-12 
 
As shown in Eq. 2-11 [71], SO42- is used as an electron acceptor in the reaction, and the 
bicarbonate ions and hydrogen sulphide are produced by the bacterial actions. Peckmann et al. 
[72] noticed the precipitated aragonite crystals dissolved gypsum by the action of sulfate 






In the microbial healing pathway, the crack repairing mainly depends on microbially induced 
calcite precipitation (MICP). The bacteria strains can be categorised into three groups, (i) 
ureolytic bacteria, (ii) non-ureolytic bacteria and co-cultured bacteria. In the bacteria based self-
healing concrete (BBSHC), besides external application, self-healing agents are embedded in 
concrete matrix as well to delivery self-healing capacity. Bacteria strains, application of 
bacteria and the effect of MICP will be discussed in Chapter 3. 
 
2.3 Self-healing agents Delivery systems 
Self-healing concrete relies on the embedded unconventional engineered additions providing 
self-healing function. Thus, the proper embedment methods for these additions are most 
important. Various delivery systems were developed, in this section, some details of the 
delivery system will be discussed. Samples used bacteria will be given details in next chapter. 
2.3.1 Encapsulation 
Lightweight aggregate (LWA) 
Alghamri et al. [73]  used a polyvinyl alcohol (PVA) based coating material to prevent the 
leakage of any self-healing agents from the impregnated aggregates using the spray method. 
The aggregates were rotated in a disc pelletiser and sprayed with the coating solution by the 
Gravity Feed Mini-HVLP gun, and the coated aggregates were simultaneously dried by 
blowing hot air stream. 
In Lee and Ryou’s [74] study, healing agents were impregnated in granules coated with water-
soluble PVA films. The healing agents consisted of calcium sulfate aluminate (CSA) -based 
expansive admixture, cement and sodium carbonate. While cracks occur, water entered 
concrete matrix through cracks and dissolved the PVA coating, the healing agents were released 
and filled the cracks. 
The main limitation of using lightweight aggregate is that the replacement of normal weight 
aggregates by lightweight aggregates may result in a strength reduction. As the natural 
aggregate is replaced by the LWA, as much as 50% strength loss was noticed [75]. The strength 
of normal-weight aggregates in normal concrete can be higher than that of matrix, which leads 
to the crack eventually passing through the matrix or the aggregate-matrix interface. However, 
the strength of lightweight aggregates is lower than the matrix, which means the lightweight 
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aggregates are more likely to be ruptured by crack. It means the application of lightweight 




Microcapsules (diameter ≤ 1 mm) is a popular technique developed for the autonomous self-
healing. In the method, microcapsules containing self-healing agents are directly embedded in 
the concrete matrix, upon the propagating of crack, microcapsules rupture and release the 
healing agents to the crack triggering healing. In addition to chemical self-healing agents, e.g. 
epoxy, calcium nitrate, and sodium silicate etc., which are mostly used in microcapsules, 
bacterial spores also studied [71,72]. In this section, only non-microbial self-healing agents will 
be discussed, and discussion on microbial microcapsules will be given in next chapter. 
Microcapsules made of several different materials have been applied in previous studies. Some 
researchers impregnated epoxy-based healing agents, while others applied bio-agents. White et 
al. [78] for the first time developed the microencapsulation technique while the authors 
encapsulated polymer – dicyclopentadiene – in the urea-formaldehyde based formation (UFF) 
polymeric shell. Mihashi et al. [26] applied the same polymer shell to encapsulate two-
component epoxy. And Kaltzakorta and Erkizia (2011) and Yang et al. [79] used silica 
microcapsules containing two-components epoxy. Cailleux and Pollet [80] encapsulated two-
components resin in the spherical gelatine-based microcapsules. A summary on the shell’s 
material, self-healing agent and healing performance is given in Table 2-1. 
Figure 2-4 Coating on the impregnated aggregates [73] 
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To enhance the durability of microcapsules, some different capsule shells were studied to 
achieve greater performance of the releasing of agents. A double-walls shells combining 
polyurea-urea-formaldehyde was demonstrated by Mostavi et al. [81]. Some more thermally 
stable materials, like polyurea, were also investigated as the potential shells’ materials to 
withstand the harsh environment in the concrete  
Kanellopoulos et al. [82] developed the novel polymeric microcapsules with switchable 
mechanical properties. When it was hydrated presented soft behaviour, while it was dried, the 
behaviour was switched to stiff and brittle. It means during the mixing stage of cement, 
microcapsules were more likely to survive as they were soft and rubbery, and in the later stage 
in matrix, these microcapsules were brittle enough to rupture to release bacteria and nutrients. 
According to Kanellopoulos et al. [82], the microcapsules were very stable even under 
temperature at 100 °C. That means microcapsules could survive during the hydration of cement. 
Results from viability test in high pH showed copious number of microcapsules remained 
consistent in high pH value (13.5). Future research is needed on the application of this 
switchable polymeric microcapsules, e.g. immobilization method of bacteria and nutrients, also 
the influence of adding this type of microcapsules on the hydration kinetics of cement.  
In an effort to determine the efficiency of mechanical triggering on the rupture of microcapsules, 
a number of studies have suggested the importance of the bonding between microcapsules and 
cementitious matrix. To elevate the effectiveness, some investigations, like surface 
modification on phenol formaldehyde [83] and acrylates, were conducted to alter the 
hydrophilicity of the shell and hence improve the strength of the bonding between microcapsule 
and cementitious matrix. Alternatively, inorganic shell materials, like silica-based shell which 
can bond with the cement hydration products were researched as well [77,78]. 
In addition to mechanical trigger, the rupture of microcapsules can also be triggered by the 
chemical changes. The most apparent chemical changes in the cementitious matrix is the 
decreased alkalinity depassivation of the reinforced steel due to the ingress of chloride and 
carbon dioxide. Therefore, recent studies focused on using pH-sensitive and chloride binding 
materials as the shells to target damage induced by corrosion. Polystyrene and ethyl cellulose 
were proposed as shell material to immobilize corrosion inhibiting/passivation self-healing 
agents [79,80]. 
Meanwhile, a new technique, microfluidics, has been proposed to tackle the limitations causing 
by the traditional chemical- and physicochemical- triggered microcapsules [88]. Microfluidics 
can produce double emulsion, enabling a drop of core material within a drop of another fluid, 
therefore can be polymerised to produce fully closed solid-shell microcapsules [89]. This 
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technique allows manufacturing of monodisperse microcapsules and control of shell’s thickness. 
Since various of materials can be applied as the middle layer, the composition and properties 
of the shell can be adjusted to meet the requirement in application, for example in the 
cementitious matrix, by modifying the hydrophilicity of the shell, the interfacial bonding 
between microcapsules and the matrix could be enhanced. Also, the precise control on the 
parameters of microcapsules significantly elevated the production rate to approximately 1 g/h.  
Most of recent studies on the self-healing agents suggested the utilization of adhesive two-part 
systems including a catalyst within the matrix. Wang et al. [90] suggested the catalyst to 
microcapsule ratio of 0.5, while some others [91] the ratio of about 1.3. 
 
Table 2-1 A summary of microcapsules used in self-healing cementitious materials 
Shell Self-healing agent Crack width (µm) Addition by mass of cement (%) Reference 
Urea formaldehyde Epoxy ~166 3,6,9 [92] 
Urea formaldehyde Epoxy 100-250 2,4,6,8 [87] 
Urea formaldehyde Epoxy 132,180,230 0,2,4,6,8 [93] 
Urea formaldehyde Sodium silicate 81-701 0.5,1,2.5,5 [94] 
Urea formaldehyde Dicyclopentadiene 289-987 0.25 [94] 
Urea formaldehyde Calcium nitrate ~100 0.25,0.5,1,2 [95] 
Polyurethane/ Urea 
formaldehyde 
Sodium silicate ~322 2.5,5 [81] 
Polyurethane Colloidal silica 30-60 1,5 [96] 
Polystyrene Epoxy  100-150 0-2 [97] 
Melamine 
formaldehyde 
Epoxy 10-1000 1,2,4 [98] 
Silica Epoxy 5-180 5,10 [85] 
Polystyrene Sodium 
fluorophosphates 
400-1200 N/A [99] 





Hydrogel and geopolymer encapsulation 
Polymer is another widely investigated self-healing material which is made from the  chemical 
and physical bonding between polymer monomers and polymer chain. The interatomic and 
intermolecular of polymer can be divided into three categories: i) ionic bonding through the 
attraction of negative and positive ions, ii) covalent bonding by accumulating pairs of electrons, 
iii) metallic bonding involves the moving of free electrons in the mass. In the self-healing 
concrete, thermoplastic polymers are introduced as they can be changed to liquid when exposed 
to temperature above the glass transition temperature (Tg) [100]. The adhesive interaction 
between polymers and concrete provides the self-healing performance [101], therefore the 
strength of polymer is considered to be equal or stronger than concrete.   
Malinskii et al. [102] were the first to utilize the self-healing polymers in the concrete. Later 
thermosetting and thermoplastic polymers were investigated by researchers [39,77]  
Geopolymer coating made of metakaolin and other five activators were also explored to 
immobilize bacteria for self-healing [104]. Healing agent particles were sprayed geopolymer 
(metakaolin and activators), either in a high-pressure nozzle or low-pressure nozzle, in a 
rotating disk granulator. Results show that the geopolymer protected bio-agents from leaching 
effectively. Particles prepared with high pressure nozzle performed better in leaching test, 
possible reason is that high pressure improved nebulisation and decreased the risk of 
agglomeration which wasted materials. 
Wang et al [105] developed the synthesized PDVB-graft-P(DVB-co-AA) core-shell 
microspheres which are porous and pH responsive as the carrier for healing-agents in self-
healing concrete. Fluorescent probes and corrosion inhibitor were encapsulated in the PDVB-
graft-P microspheres to achieve the dual functions of self-reporting and self-healing. The 
encapsulated microspheres were mixed with tris-(2-hydroxyethy)-amine hardener and epoxy 
precursor. The mixture was applied as coating on the surface of carbon steel. Results showed 
that the increased pH triggered by corrosion reaction can be detective by the fluorescence 
coumarin, and the embedded benzotriazole healing agents created dense barriers on the steel 
surface. 
Another important parameter terms of releasing healing agent is the viscosity of the polymer 
[106] which may affect the adhesion between healing agent and crack wall. Therefore, it is 
necessary to control the viscosity and thixotropy of healing materials. For instance, low viscous 
healing materials will be absorbed by concrete pores and not kept in cracking area, while high 




Hollow glass tubes have been studied as an encapsulation devices with an internal diameter 
from 0.8 to 4 mm [100,101,102]Van Tittelboom et al. [57] compared tubes made from glass 
and ceramics. Prepolymer which was able to foam in moisture environment was chosen as the 
appropriate healing agent in this study. One of the tubes was filled with the prepolymer of 
polyurethane, and another one contained a mixture of water and accelerator. These two tubes 
were placed next to each other. Results showed that glass-based tube performed better in 
strength recovery, while ceramics did more contribution to permeability recovery. 
Van Belleghem et al. [110] encapsulated two different polyurethane (PU) precursors in a set of 
brittle capsules which were placed in the middle of samples. The first PU precursor was a 
product with a viscosity of 6700 mPas at 25 °C, and second one is a product with viscosity of 
200 mPas at 25 °C. Results showed that specimens with high viscosity polyurethane (PU) were 
sometimes not completely healed along the length of cracks. Possible reason for that is the 
different foaming and reactions between high and low viscosity polyurethane. 
2.3.2 Vascular system 
The vascular approach is another method to delivery healing-agents into concrete matrix. This 
system imitates the vascular system of human body [60,61]The system consists of single or 
network set of hollowed tubes which are placed inside the concrete and the healing agents are 
supplied through external entry. Hence the system is suitable for single or multiple healing-
agents [60,40].  
Single channel vascular system 
Dry [56] was the first to investigate the vascular system. By installing two polypropylene-based 
fibre tube in the concrete matrix and an external vacuum pump. Methacrylate was utilized as 
healing agent and drawn through the tubes into the concrete. Borosilicate glass tube was also 
utilized to deliver cyanoacrylate – as healing agent- to the concrete by gravity force [52]. 
Instead of glass tubes, which are brittle and prone to breaking during the mixing process, Pareek 
ad Oohira made holes inside concrete, these holes were filled with epoxy healing agent injected 
by a springe which was connected to outside with open end [113]. 
Nishiwaki et al. [53] developed an organic film based vascular system with embedded electric. 
When crack occurs, the electric resistances increases due to the reduce of current conductive 
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pathway, so that the crack is heated. The heat melts the film tube in the cracking area and the 
healing agents can be released. 
The vascular self-healing system can provide additional healing agents to concrete and heal 
even large cracks. However, the released healing agents are likely to flow out of the crack when 
it is too wide. Hence, Kuang and Ou [108,109] combined the vascular approach with shape 
memory alloy (SMA)  wires to heal wide crack. In this system, the continuous adhesive is filled 
in the glass tubes. Upon the crack occurrence, SMA could recovery the deflection of the 
mechanical structures immediately and therefore reduce the crack width. At this point, the 
embedded healing agents, is switched on and flow to the crack, fill and repair the crack.  
Multiple channel vascular system 
To greater improve the healing performance of vascular system, multiple channel vascular 
system has been developed. Mihashi et al. [26] embedded two glass pipes in the concrete 
matrix. These two pipes were connected to the outer reservoir, with one pipe and its 
corresponding pipe filled with one component of epoxy glue and another pipe and reservoir 
immobilized another component of epoxy glue. Upon the crack occurs, these two components 
released out from the tubes and mixed, resulting in a polymerization reaction. However, big 
issue in this system is that these two components did not mix well and led to limited regain in 
mechanical property.  
In Dry and McMillan’s [55] study, a three-part MMA based healing agent was used. Instead of 
glass tubes, rounded steel rods were cast into concrete and the pulled out, therefore the left 
tubular holes were able to contain the healing agents. 
2.3.3 Porous network system 
Experiments of liquid self-healing agent on prisms and cylinders consisting of a layer of porous 
network structure (Figure 2-5) were conducted by Sangadji and Schlangen [116]. They chose 
epoxy which consists of epoxy resin and harder as the healing agent. According to the 
visualization under UV light (Figure 2-6) and results of peak tensile load, the porous network 
mortar shows obvious self-healing capacity. Sangadji et al [117] have later enhanced the porous 
network system into an injecting repair system, as the solution can be injected to the porous 
concrete layer, which is similar to their earlier work. Results for the permeability on prisms 
shows 98% improvement after 11 days healing in the crack area, although less permeability 




Figure 2-5 (a) Conceptual design and application of porous network concrete, (b) Conceptual 
design of material and method of proposed healing action [116]. 
 
 
Figure 2-6. (a) Original crack filled up with epoxy, (b) final crack pattern from second cycle 
loading, (c) Longitudinal cross section showing the crack which has been filled by epoxy, (d) 
3D reconstruction of the vascular concrete after crack propagation [116]. 
(a)                                                             (b) 
(a)                                                                            (b) 




The healing system presented by Sangadji et al. [118] was based on porous network concrete 
(PNC), which consisted of two types of healing agents, namely: “A” composed of bacteria, 
nutrients and pH buffer and “B” composed of a calcium compound. Figure 6 shows the semi-
transparent picture demonstrating PNC with porous concrete corn inside. Healing agent 
solution was injected from the injection point. While cracks occurred, healing agents started 
flowing to the damaged area through porous corn and sealed cracks from inside out. 
 
Figure 2-7 Conceptual working principal of healing agent transport in the Porous Network 
Concrete [118]. 
 
2.4 Assessment methods 
2.4.1 Assessment on regain of mechanical properties 
Bending tests are the most commonly used method to create cracks in the self-healing concrete 
before starting healing process. These tests have been used by [119–122]. Also, many 
researchers have assessed the healing efficiency of self-healing concrete on the regained 
mechanical properties by bending test. Huang et al [59] conducted the experiment on 
autonomous self-healing concrete and employed beam test to measure the regained mechanical 
properties. In the experiment conducted by Van Tittelboom et al [123], the setup of the 




Figure 2-8 Setup of three points bending test and the sensor positions (1-8) [123]. 
 
During the test, the data was recorded, as P1 was the peak load in crack creation process, P2 was 
the peak load in the reloading cycle, and P0 was the residual load in the unloading process 







Stiffness can be obtained during bending test as well. In Van Tittelboom et al’s experiment 
[123], W0 was the crack width after first loading cycle, W1 was the crack width as the loading 









Regained compressive strength and stiffness of self-healing concrete can also be evaluated by 
the compressive strength test. Pelletier et al [124] investigated the capsule-based autonomous 
self-healing efficiency by compressive strength test. Specimens were subjected to compressive 
strength test until maximum load. After healing specimens were also compressed until failure. 
The results of retested specimens were compared, and samples containing microcapsules 
indicated at least 10% higher strength than control samples. 
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2.4.2 Permeability Test 
Tziviloglou et al [125] have investigated the sealing efficiency through crack water 
permeability test, the set-up of specimens is shown in Figure 2-9. A crack was created at the 
the centre at the bottom of specimen that had sufficient height to reach a preinstalled 5mm 
diameter hole through the middle of the specimen. A permeability test was performed by 
determining the mass of water dripping from the crack as water flowed through the hole in the 
middle of specimen. Each test lasted about 10 minutes, the recovery of water tightness (RWT) 






As Wn-h(t) was the mean weight of water passing through the unhealed crack, Wh (t) was the 
mass of water that has penetrated through healed crack. 
 
Figure 2-9 Specimens for evolution of RWT [125]. 
 
Nishiwaki et al. [53] used the water leak test to evaluate the water permeability of cracks in 
self-healing concrete, the setup is shown in Figure 2-10. In the experiment, the gap between 
funnel and test surface was sealed by the silicone gel material. The experiment evaluated the 
time when a water volume of 5 ml passes through the surface. According to the relative line of 
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quantity of leaked water and maximum crack width (Figure 2-11), the cracks on the surface can 
be determined. 
 
Figure 2-10 Setup pf water leak test [53]. 
  
Figure 2-11 Relationship between maximum crack width and quantity of leaked water [126]. 
 
Wang et al [127] improved the setup of water permeability test to some extent. The mortar 
specimens were cast as cylinders, and the dry cylinder sample was mounted inside a PVC ring 
and vacuum saturated. Before carrying out water permeability measurement, the cylinder was 
immersed in water for 24 hours, and the PVA apparatus was sealed by the rubber to avoid 
leakage of water. 
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The whole setup was watertight to make sure the specimen was water saturated before testing. 
The time that the water level dropped from ho to hf was measured, based on Darcy’s law, the 










Where a is the cross-section area of glass tube (m2), A is the cross-section area of cylinder (m2), 
T is the thickness of cylinder, and t is the time that water dropping from ho to hf (s). 
2.4.3 Absorption test 
In the experiment conducted by Sarkar et al. [128], initial mass of specimen was recorded as 
the starting point, then the specimens were applied by 50% of average breaking load (obtained 
in previous test), and after that the specimens were kept in water for 30 mins, and the masses 
of specimens were determined. Then the specimens were immersed in water for another 24 
hours, the final masses were weighed after that. 
Another method of evaluating permeability is the low-pressure water permeability test (WPT) 
[129], as shown in Figure 2-12. The pipette was 300 mm high with a low pressure on the 
specimen. In the test, the water level in pipette was monitored up to 90-100 days, and the water 
flow was used to determine the permeability of test specimens, since the water flow was 




Figure 2-12 Water permeability test [129]. 
 
The water absorption of cracks in the self-healing concrete can be determined separately as one 
of the major aspects to evaluate the healing efficiency. In the experiment conducted by 
Alghamri et al [73], the measurement followed the procedures in ASTM C1585 [130]. All 
specimens were placed in oven at 50°C for 3 days, including the healed specimens, reference 
and the uncracked specimens. The setup of measurement is shown below (Figure 2-13). To 
investigate the absorptivity of cracks, the area of uncracked surfaces needed to be sealed by 
aluminium tape, only the cracked surfaces were exposed to capillary suction. The specimen 
was placed on two-line supports, the water level was only 2 ± 1 mm above the cracked surface. 
The specimens were weighed every 4 hours to determine the mass increase. To obtain the 
absorptivity, coordinate axis was used, as the ordinate was the cumulative absorbed volume Q 
which was defined as the change in mass divided by the cross sectional area S, and the abscissa 
was the square root of time√t. The slope of the line in coordinate axis is the absorptivity. The 





Figure 2-13 Schematic diagram of water absorption test setup [73]. 
 
Initial surface absorption test (ISAT) was originally designed to determine the porosity of 
concrete. ISAT was recently carried out attempting to evaluate the ability of self-healing by 
measuring the improvement on the recovery of impermeability [120]. Some slight modification 
has been done, the schematic setup of the apparatus is given in Figure 2-14. By taking the rate 
at water being absorbed into the surface, the water ingress was quantified as a result of healing.  
 




2.4.4 Air-flow test 
Gagné and Argouges [131] conducted the air-flow measurement to investigate the crack 
opening size. Since it was impossible to measure the cracks physically or visually during the 
self-healing process, air-flow values (L/minute) were obtained in the experiment and converted 
the crack opening values using the relationship curve between these two values. Specimens in 
this experiment was cast as disc shapes having a core in the centre, cracks were created along 
the radius. The setup of air-flow measurement is shown in Figure 2-15. The specimen was 
squeezed by two thick aluminium disks and the pressure was controlled by the regulator. The 
air-flow values were obtained by collecting the air-flow through the crack. 
The widths of created cracks in this experiment were consistent along the radius, although the 
distribution of self-healing products was not extremely uniform, the obtained crack opening 
values represented average values of crack opening widths. However, in the concrete structure, 
most cracks occur on the surface and downward grow, crack widths change with the depth and 
the depth affects the self-healing effect due to insufficient oxygen supplement. As a result, the 
healed cracks of prism specimens exhibited no standard or obvious opening width. 
Alternatively, air-flow measurement can be modified to evaluate the evolution of crack 
volumes during the self-healing process. 
 




2.4.5 Rapid Chloride ion Permeability Test (RCPT) 
Rapid chloride ion permeability test (RCPT) is a technique that is employed to assess the quality 
of concrete to resists chloride ingress. In Sarkar et al.’s [128] experiment, before the RCPT, the 
mortar cylinders were epoxy coated around the edge. Some specimens were taken to RCPT 
after being kept in water for 24 hours immediately, and rest of specimens were examined by 
RCPT after being applied of breaking load and curing in water for 28 days. RCPT does not 
assess the permeability of concrete, but measures the electrical resistance of concrete, and the 
electrical resistance is influenced by many parameters as pore structure, pore solution etc [132]. 
Bhaskar et al. [133] have also conducted the rapid chloride permeability (RCP) test to evaluate 
the self-healing efficiency by comparing the coefficient of initial samples, cracked samples and 
healed samples. 
2.4.6 Rapid Migration Test 
AASHTO TP 64-03 (AASHTO 2003) is a rapid migration test that provides an evaluation of 
chloride penetration depth, which, in turn, represent the chloride penetration resistance of 
concrete.  
Manzur et al. [134] conducted the test on cracked cylinder mortar specimens containing bacteria, 
the setup of test was shown in Figure 2-16. The specimen was placed in vacuum desiccator and 
submerged under water prior to the chloride test, after that, specimen was placed in rubber 
sleeve. Solution of NaCl was placed inside the plastic catholytic reservoir, and the sleeve above 
specimen was filled with NaOH solution. Once the setup was connected to the power supply, 
the initial value and the value after 18-hours period were recorded. After the final reading, 
specimen was removed and rinsed with distilled water. Specimen was split into two pieces, one 
of the fresh surfaces was sprayed by silver nitrate solution. After 15 minutes, the white 
precipitated while silver nitrate chloride was visible for the measurement of chloride 
penetration depth. 
However, the main drawback of this test is that the high chloride solution can ruin the specimens, 
which means specimens can only be evaluated once and no comparison can be made on one 
sample to determine the development of healing. 
2.4.7 Acid resistance test 
Chunxiang et al. [135] conducted acid resistance tests on the mortar with calcite precipitated 
on the surface. A series of H2SO4 solutions of different pH were dripped on the layer of concrete 
mortar, and a magnifier was used to observe the layer carefully for 2 minutes. If no air bubbles 
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appeared on the layer, it could be concluded that the layer was resistant to the corrosion of the 
certain pH of H2SO4. If air bubbles appeared on the layer while dripping down one certain pH 
of H2SO4, the value of acid resistance was the pH next below this certain pH.  
 
Figure 2-16 Chloride migration test [134]. 
 
2.4.8 Visualization measurement 
Microscopy 
Visual observation by microscopy is one of the most direct approaches used by majority 
previous research to measure the dimensions of cracks. Tang et al [136] suggested to use 
petrographic examination combined with optical microscopy. In their experiments, optical 
microscope via a visible light, SEM and ESBM using a focused beam of electrons, were 
commonly carried out to obtain the contour maps and widths of cracks, and the re-hydrated 
products were measured as well. By scanning the sample with a focused beam of electron, 
images can be produced along with the information of dimensions of cracks, even 
microstructure and morphology of newly developed products. 
SEM analysis is commonly used to evaluate the morphology of the healing products in the 
cracks or on the surface of concrete specimens. In the experiment conducted by Ganendra et al. 
[137], SEM figures indicated that some deposited calcium carbonate and unconverted calcium 
formate were filled in the pores between aggregates in the AAC (Autoclaved Aerated Concretes) 
specimens. Chunxiang et al. [135] also reported that the carbonate crystals showed different 
morphologies while the mortar immersed in healing medium with different concentration of 
Ca2+ via SEM.. 
Acoustic Emission (AE) technique 
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This non-destructive evaluation technique was used in the experiment conducted by Aldea et 
al [129]. The experimental setup is shown in Figure 2-17, the elastic waves was generated on 
the surface of testing specimens, and it can be detected by receivers. The waves propagated 
between the two receivers, some waves ware transmitted but some were attenuated. The 
received data was accorded to frequency, as with higher frequency, the transmission value is 
high. And the transmission value of 1 means completely transmission, and 0 means no 
transmission at all. Through analysing the transmission value, the width and degree of crack 
damage can be examined. 
 
Figure 2-17 The experimental setup of signal transmission measurement [129]. 
 
In the experiment conducted by Van Tittelboom et al. [123], AE was also employed to evaluate 
the regained energy in self-healing concrete. In the test, the elastic waves are emitted due to the 
formation of crack which are recorded by eight AE sensors attaching to the samples. Based on 
the differences of arrival time between waves at each transducer, the crack location can be 
calculated. And also, the energic event could be calculated and graded into several levels. Based 
on the results stated by the authors, healing could be detected by AE as more acoustic emissions 
occurred upon reloading on healed specimens. Furthermore, it was found that the breakage of 
tubular capsules which were used as carrier could also be detected by AE. The authors found 
that the specimens with self-healing capacity demonstrated events with high energy level of ‘7’ 
and these energetic events were accompanied by drops load, which were suggested to be the 
breakage of the tubulars. 
Ultrasonic Pulse Velocity (UPV) test 
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Xu and Yao [138] used UPV to detect crack and healing. It was performed before loading, after 
loading and after healing. Before the measurement, all specimens were dried in oven at 
temperature of 70°C, and the transmission direction was perpendicular to the crack plane. 
Alghamri et al. [73] have conducted  UPV in a similar manner on cracked specimens, the setup 
of the measurement is shown in Figure 2-18. 
In the ultrasonic test, the ultrasonic waves are transmitted into the concrete to determine the 
inside cracks, even the direction, size and shapes of cracks can be detected by the sensitive 
ultrasonic waves. However, because of the extreme sensitivity, the water flow inside the 
concrete matrix may have affected the result [139].  
According to the wave velocity and the propagation path, crack depth can be evaluated by the 
ultrasonic measurement [73]. Figure 2-19 shows the average crack depth against the elapse of 
time of two specimens, as CN was the standard control mortar specimens and SHM was the 
specimens with the lightweight aggregates particles encapsulated self-healing agents (sodium 
silicate). 
 




Figure 2-19 Crack Depth-Ultrasonic Pulse Velocity Method [73]. 
 
Mercury Intrusion Porosimetry (MIP) analysis 
Mercury intrusion porosimetry (MIP) is a test used to determine the porous and porosity size 
distribution of concrete specimens. De Muynck et al. [140] applied MIP test on stone specimens 
by means of Micromeritics Autopore 9210 device (Micromeritics, USA) after bio-treatment. 
Prior to MIP, samples were immersed in liquid nitrogen for 5 mins and subsequently freeze-
dried by Amsco-Finn Aqua GTA freeze dryer (Amsco, Germany). 
Neutron radiography 
Snoeck et al [44] used neutron radiography to assess the water permeability of crack. In the 
experiment, specimens were casted as 20 mm high, 10 mm diameter cylinders. All specimens 
were wrapped by self-adhesive aluminium foil along axis of cylinder, and crack was manually 
created along the height (Figure 2-20). The cylinder used for water permeability test was 
positioned with water applied 20 mm above. Every 5 s images were taken to evaluate the time 
needed for running out the water. The images are shown below, as the neutron radiography can 





Figure 2-20 Setup of water permeability test with neutron radiography [44]. 
 
 








In order to investigate the morphology and shape of re-hydration products, a commonly carried 
out technique is spectroscopy, including X-ray, magic-angle spinning nuclear magnetic 
resonance (MASNMR) spectroscopy and quasielastic scattering etc. Spectroscopy examination 
provides detailed information about the re-hydrated products and healing process. As 
summarised by Tang et al. [136], these techniques, except MASNMR, are carried out by 
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passing a light through the specimen and recording the spectrum of received light. Analysing 
the peak of received spectrum delivers information about the molecular and atomic structure of 
sample. The main spectroscopy techniques are shown below, including i) X-ray spectroscopy, 
ii) infrared analysis, iii) Raman spectroscopy and iv) X-ray diffraction. MASNMR relies on 
measuring the resonant frequencies of the nuclei and the inherent magnetic properties of 
specific atomic nuclei, to reveal the structure, identity, concentration, and behaviour of 
molecules in solid or liquid samples. 
According to Wiktor and Jonkers [141], X-ray spectroscopy relies on the received spectrum, as 
infrared analysis deals with the light in the infrared area of spectrum. And Raman spectroscopy 
deals with monochromatic light to provide data on chemical composition of the re-hydrated 
products [31]. While X-ray is based on measuring the diffracted X-ray beams, to provide 3D 
images and the atomic structure of the sample. In this way, the chemical composition of newly 
developed material can be identified [142]. 
 
Figure 2-23 Spectroscopy techniques: (a) X-ray spectroscopy; (b) infrared spectroscopy; (c) 
Raman spectroscopy; (d) X-ray diffraction analysis [136] 
 
By using X-ray diffractometer (XRD), the newly developed substance on the surface of cracks 
could be determined by comparing the peak of re-hydration material from JCPDS data file with 
the peak of some other cementitious composites’ phases, the healed material on the surface of 
cracks could be identified if the peak equivalent with the peak of one certain substance. In the 
experiment conducted by Sarka et al. [128], they scratched some material from the surface of 
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cracks, and crushed it into powder samples after drying. The powder was sieved into the 
uniform size of 5 µm again, and the peak of XRD spectrum was recorded and matched up to 
identify in the JCPDS data file. 
Elements and compounds analysis 
Energy dispersive spectra (EDS) is used for the elemental analysing of material. As for the self-
healing concrete, the newly developed atoms on the surface of cracks could be identified by 
EDS. In the experiment conducted by Sarkar et al. [128], they scratched some newly developed 
material, and crushed into powder after being dried for 24 hours. And some powder samples 
were submersed in soluble ethyl alcohol and dried in vacuum, after that the samples were taken 
to be examined by FESEM from EDS. The result illustrates that Ca, Si, Al and O atoms were 
exist in the powder samples. 
X-ray diffraction (XRD) is the method commonly used in analysing the individual compounds 
in concrete [66,106,116]. The technique is used for investigating the atomic and molecular 
structure of crystal, in which the crystalline atoms create a beam of incident X-rays into many 
specific directions. 
Image processing techniques  
Luo et al. [145] studied the self-healing process by recording and observing the surface of 
cracks using digital camera. The images of cracks surface during the self-healing process was 
carried out, then the pixel dots number in the cracking area was counted. Based on the pixel 
dots number before and after healing, the crack repair rate was calculated. Zhang [146] has 
proposed the digital image processing technology to detect crack size. The author obtained the 
crack images by image segmentation and feature extraction. The author has smoothened the 
obtained images using threshold method of segmentation and evaluated the presented crack in 
the images. Lyer and Sinha [147] have done similar work using three-steps method. They have 
detected the pattern-like crack in noisy environment using curvature evaluation and 
mathematical morphology technique, then segmentation was used to define the crack as precise 
geometric model and performed linear filtering afterwards. 
Alam et al. [148] used technique combining the Digital Image Correlation (DIC) technique with 
acoustic emission (AE). The former method was used to measure the precise size of crack 
opening and crack spacing on displaced surface. And the following AE analysed internal 
damage and damage mechanism. 
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Jahanshahi and Masri [149] have proposed a less time-consuming method, in which the depth 
parameters of crack were obtained by an autonomous robotic system, then they used 3D scene 
reconstruction for obtaining depth perception. The system was effective since the whole crack 
was extracted from its background. 
Other testing methods 
Since the calcium footprint during the precipitation process is still unknown, Millo et al. [150] 
utilized carbon isotope fractionation to trace the calcium during the calcite precipitation process 
conducted by ureolytic bacteria. 
Huang and Ye [151] adopted an “artificial crack method” to acquire autogenous healing 
products. Cement paste slides samples were cast and pressed together to obtain the artificial 
planar gaps. Autogenous healing products were formed within the planar gaps and observation 
testing methods were conducted directly on the gaps’ surface. 
High resolution X-ray Computed Tomography (HRXCT) has been used as a non-destructive 
test method to evaluate self-healing efficiency [57,152–154]. Tan et al. [153] were able to 
visualize the breakage of microcapsule, but due to limited resolution, they were not able to 
detect the healing of micro crack. 
 
2.5 Summary 
This review concluded the types pf self-healing mechanisms, delivery system used in the self-
healing cementitious materials, and some assessment methods applied on the self-healing 
samples. The following aspects can be summarized in the self-healing based cementitious 
materials: 
1. Autogenous and autonomous self-healing are the two main types of self-healing. 
Crack can be healed by autogenous healing is limited to 300 µm, but autonomous 
healing showed potential to close rather larger crack, therefore, autonomous healing 
is a more promising method to be levelled up to industrial application. 
2. Various of delivery systems were used for self-healing agents, however, most of 
these systems present some negative aspects. For example, glass capillaries need to 
be embedded in predicted region to ensure healing agents will be released to crack 
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region, and microencapsulation method has the issue finding the appropriate shell 
material to be successful ruptured. In this case, lightweight aggregate shows some 
advantages compared to other encapsulation method, like good manoeuvrability, 
lower cost compared to microcapsules, more uniformed distribution than glass 
capillaries etc. The main drawback of using lightweight aggregate encapsulation is 
the weakened strength of BBSHM, this needs to be addressed in future research, a 
promising solution is to use higher-strength aggregate. 
3. There were a couple of different chemical-based materials used to trigger 
autonomous healing, however, the main difficulty is to find the appropriate healing 
material, as these chemical-based healing agents are not intrinsically contained in 
concrete and may be subjected to the problem of compatibility to concrete. Another 
issue is about the viscosity of the chemical-based self-healing agents, for the agent 
in low viscosity, it may flow out of the crack while being released and failed to be 
active to close crack.  
4. This chapter reviewed most commonly used methods on SHC, however, some of 
them may not be suitable for SHC. For example, water absorption test was designed 
to be used on standard mortar or concrete rather than surface-cracked sample, 
therefore the calculation may need to be modified. For the rapid migration test or 
acid resistance test, the ingress of chloride or acid may destroy the sample and stop 
the healing. Generally, since self-healing mainly aims at reducing ingress of harmful 
ions and carbonation, assessment of SHC should more focus on evaluating the 
permeability. Hence, the appropriate evaluation method for SHC is considered to 





3 Chapter 3 A review of healing agents and performance of 
bacteria-based self-healing cementitious composites 
3.1 Introduction 
In bacteria-based self-healing concrete, the self-healing process is achieved by microbially 
induced calcite precipitation (MICP). In BBSHC, bacteria and related precursors, including 
calcium source and bacterial corresponding nutrient which is normally yeast extract (YE), are 
delivered into concrete by various methods, e.g., microencapsulation, macroencapsulation etc., 
in this chapter, the delivery system involving bacteria-based healing agents will be reviewed. 
Furthermore, many researchers have made important progress in the BBSHC field in terms of 
healing performance and testing methods. In this chapter, these important findings will be 
reviewed. 
 
3.2 Bacteria species 
Two types of bacteria species are commonly used in microbial induced calcite precipitation 
(MICP), i) ureolytic and ii) non-ureolytic. In the ureolytic pathway, MICP relies on the 
enzymatic hydrolysis of urea to form ammonium/ammonia and carbonate ions. The hydrolysis 
reaction of urea is given as Eq. 3-1 and 3-2. 
 
CO(NH!)! +	H!O	 → NH!COOH + NH"                                                                         Eq. 3-1 
NH!COOH +	H!O	 → NH" +	H!CO"                                                                              Eq. 3-2 
 
In the ureolytic precipitation process, 1 mole of urea is decomposed to 1 mole of ammonia and 
carbamate, and ammonia is subsequently hydrolysed into 1 mole of ammonia and 1 mole of 
carbonic acid. These products spontaneously equilibrate in water to produce bicarbonate, 
ammonium and hydroxide ions (Eq. 3-3 and Eq. 3-4). As pH increase due to Eq. 3-3 and Eq. 





%                                                                                                     Eq. 3-3 
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2NH" + 2H!O	 → 2NH#
$
+ 2OH
$                                                                                    Eq. 3-4 
Therefore, with the presence of Ca2+, the overall degradation process of urea is shown in Eq. 3-












	→ CaCO"                                                                                                    Eq. 3-7 
 
In Non-ureolytic pathway, MICP is achieved by the degradation of organic calcium compounds. 
By introducing organic calcium compounds into mortar matrix, bacteria act as catalyst 
degrading these compounds into carbon dioxide and water. Due to the high pH environment in 
concrete matrix, carbon dioxide can be converted to CO32- and further react with Ca2+ to form 
CaCO3. According to Jonkers and Wiktor [141], Bacillus cohnii, Bacillus pseudofirms and 
Bacillus alkalinitrilicus are the typical strains in this pathway. Calcium lactate and calcium 
acetate were widely used in this pathway as the calcium organic compounds, and the 
degradation process of calcium carbonate precipitation is shown as Eq. 3-8. The following 




H⎯⎯⎯⎯J 	CO! +	H!O                                                                                Eq. 3-8 














	→ CaCO"                                                                                                   Eq. 3-12 
 





CaC?H@'O? + 6O! 	→ CaCO" + 5CO! + 5H!O																																																																							Eq.	3-13	
In the past few years, including these two types of bacteria, various species of bacteria were 
used in BBSHC, a summary is given in Table 3-1. 
 
Table 3-1 A summary in bacteria species in BBSHC and the main findings 
Bacteria species Mechanism Major results Reference 
Sporosarcina  pasteurii Urease metabolism Higher bacteria cell concentration led to 
greater regain in early compressive 
strength 
[155] 
Bacillus sphaericus Ureolytic decomposition of 
calcium nitrate 
Permeability of sample reduced, and crack 
width 150~170 µm healed 
[156] 
Bacillus pseudofirmus 
and Bacillus cohnii 
Non-ureolytic of calcium lactate 20~80µm precipitated crystals were 
observed on the crack surface, healing was 
limited to young specimen 
[157] 
Bacillus cohnii, Bacillus 
halodurans, and Bacillus 
pseudofirmus 
Two component system Crack up to 100 µm was healed [158] 
Bacillus sphaericus Ureolytic decomposition of 
calcium nitrate 
Under wet-dry cycle, crack up to 500 µm 
was healed, permeability decreased up to 
68% 
[159] 
Bacillus sphaericus Ureolytic decomposition of 
calcium nitrate 
Bacteria activity was only observed on the 




3.3 Dosages of self-healing agents 
Various types and doses of bacteria and the corresponding growth media (GM) were used in 
the many studies terms of BBSHC. In the section, details of these doses will be given, a 





According to Castanier et al. [161], because bacterial cells have negatively charged surface and 
allow the positive ions to attach on the surface and form minerals, these cells can provide 
nucleation sites for the biosynthesis of calcium carbonate. Thus, the amount of peptidoglycan, 
the availability of mycolic etc. are some factors affecting the properties of bacterial cells and 
further influencing the interaction between cells and calcium ions. 
Another substance related to the MICP process is extracellular polymeric substances (EPS) 
which mainly accumulate outside cells and facilitate the attachment of ions and cells’ surface. 
EPS are acidic polysaccharides and protein based adhesive matrix, and they are abundantly 
existing in the self-healing medium. EPS can control the MICP process by the following ways: 
(i) if calcium concentration exceeds the binding capacity of EPS, the precipitation will occur 
inside the EPS due to the oversaturation [162], (ii) Organomineralization process in the EPS 
may cause the self (re-) arrangement of acidic functional groups, and this may promote the 
nucleation of calcium carbonate minerals by creating a template, and (iii) degradation of EPS 
matrix by heterotrophic bacteria releases calcium ions and increases the alklinity [163]. Seifan 
et al. [161] concluded that the increased number of bacteria cells provided more nucleation sites 
for precipitation of calcium carbonate, which means higher amount of bacteria contributes to 
the healing efficiency to some extent. 
Wang et al. [164] have encapsulated 4.4 × 109 spores in 1 g modified alginate (MA) powder, 
which means the bacterial spores content equals to 8.8 × 107 spores/g cement in the testing 
mortar. Okwadha and Li [165] demonstrated that the rate of urea hydrolysis was more related 
to the bacterial cell concentration instead of urea concentration, as the amount of CO32- 
increased more than 30% when the concentration of cell increased from 106 to 108 cells/ml.  
In Wiktor and Jonkers’ [141] experiment, 1.7 × 105 spores/g particles bacterial spores (Bacillus 
subtilis) were encapsulated in expanded clay particles, which equals to 1.3 × 105 spores/g 
cement in the tested prism. Results shows (Figure 3-1) cracks with width of more than 0.46 mm 




Figure 3-1 (a) Threshold values of maximum crack widths healed after indicated healing time 
(submersion in water). (b) Measured oxygen concentration micro profiles towards crack surface 
[141]. 
 
Survivability of bacteria  
Concrete matrix has a dense structure with pores size less than 1 µm, while bacterial size ranges 
from 1 to 4 µm. In this case, bacteria with direct addition into matrix are more likely to 
experience compression in the process of cement hydration [166]. Furthermore, the typical pH 
of cement is 12 and insufficient moisture and oxygen within cement matrix make the 
environment much harsh for bacteria. Moreover, high shear forces during cement mixing may 
reduce the survival rate of bacteria. 
Achal et al. [167] found that only 0.1% of B.megaterium cells survived after 28 days in mortar 
specimens. And Basaran et al. [168] reported the similar trend as the amount of viable 
S.pasteurii cells decreased sharply by 80% after 1 day, and only 1 and 0.4% bacterial cells 
survived after 7 and 28 days. Similar results were obtained by Ghosh et al. [169], the author 
reported that the Shewanella strain can survive for 6-7 days in the concrete matrix. 
Theoretically, spores can be more survivable than cells as they are more resistant to the harsh 
environment. According to the viable test on concrete-immobilized spores (Jonkers and 
Schlangen, 2007), after 2-weeks incubation, the density of viable spores (B.halodurans, 
B.pseudofirmus and B.cohnii respectively) immobilized in concrete drops from 109 cm-3 to 105 
and 106 cm-3. As for the non-concrete control spore suspension, the concentration of bacterial 
spores decreases to 107 cm-7 after incubation in the fridge at 4°C. 
Jonkers et al. [157] evaluated the viability of free spores in cement matrix. Results indicate that 
from 9 days cured specimens only 1.8 × 106 (1%) of incorporated 2.4 × 108 spores/cm3 cement 
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were survived (Figure 3-2), the number of viable spores decreased sharply in time. The number 
of viable spores from 135 days cured specimens was even below the detective limit (less than 
0.5 × 103 cm-3). Moreover, Silva [170] demonstrated that B. sphaericus spores only survived 2 
days within concrete matrix unless they were protected. 
 
Figure 3-2 Most-probable-number estimate of viable bacterial spores (B. cohnii) incorporated 
in aged cement specimens [148] 
 
Many researchers have encapsulated bacteria in capsules to protect it from the harsh 
environment within concrete matrix and increase the survivability of bacteria. For better 
survival rate, capsules were expected to be flexible during mixing process and brittle once 
concrete hardened. Thao et al [9] found that glass capsules with 2-mm thickness wall could 
release the bio-agents when cracks occurred while 3-mm thickness wall was too thick to release 
the bio-agents. 
Wang et al. [76] encapsulated bacteria and nutrition in microcapsules, in order to determine the 
viability of the microcapsulated bacteria, emulsion was mixed together with intact 
microcapsules, yeast extract and urea, in which case the decomposed YU medium could be 
detected. Sharma et al. [171] added three types of bacteria, Bacillus pseudofirmus, Bacillus 
cohnii, and Bacillus halodurans, separately into mixing water of cement mortar to investigate 
the survivability of bacteria in cement mortar sample. However, the result showed that the 
survival rate was significantly low, only 1-4% of B.pseudofirmus at long term (42-93 days), 
0.5-2.5% of B.cohnii at 9 days. 
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3.3.2 Growth media (GM) 
Yeast extract is one of the most important nutrients for bacteria which has positive effect on the 
germination and growth of bacteria. Yeast extract (YE) is commonly used in the culture media 
for microorganisms, and it is rich in protein, amino acids, vitamin B complex etc. According to 
Zhang et al. [172], with the increase of yeast extract concentration from 0 to 5 g/L in bacterial 
sporulation medium, the amount of bacterial spore viability and calcium precipitation increased 
remarkably. However, while yeast extract concentration is higher than 5 g/L in the medium, the 
concentration of viable spores declined significantly. In the experiment conducted by Seifan et 
al. [173], the limited amount of yeast extract was found to be 3 g/L, as excessive amounts of 
yeast extract showed a negative effect on the electron transportation between the calcium ions 
in the media and thus prevented calcium carbonate production. De Muynck et al. [140] stated 
that the best waterproofing effect was obtained with the optimal concentration of 333 mM for 
both urea and Ca2+. And Okwasha and Li [161] concluded that to obtain highest amount of 
calcite precipitation, 666 mM urea and 250 mM Ca2+ were needed at 2.3 × 108 cells/mL 
concentration. While Wang et al. [174] indicated that optimal concentration for urea and Ca2+ 
was 500 mM at the cell concentration of 108 cells/mL. 
Apart from traditional nutrients for bacteria, nickel (Ni2+) shows positive effect on precipitation 
of calcite in ureolytic approach as well. According to the experiment on ureolytic bacteria 
Mircrobacterium sp. GM-1 [175], addition of Ni2+ increases amount of induced CaCO3 from 
1.200 ± 0.028 g (0 μM) to 1.323 ± 0.055 g (200 μM). A possible reason suggested by Benini et 
al. [176] is that urease catalyses the hydrolysis of urea, a bimetallic nickel centre is used and 
contributes to the final step of organic nitrogen mineralization. 
Wang et al. [174] indicated that high concentration of Ca2+ can decrease bacterial activity, the 
suitable concentration of Ca2+ in the deposition medium (containing nutrients and calcium 
source) should be approximately 0.5M. 
Qiu et al. [177] found that the initial calcium precipitation increased with increase of Ca2+ but 
no more calcite was precipitated when the Ca2+ concentration increased to 150 mM. A similar 
trend was noticed by Okwadha and Li [165], when the concentration of Ca2+ reached 250 mM, 
less calcite was precipitated. In Zhang et al.’s [166] study, the optimal concentration of Ca2+ 
was approximately 30 mM, while the calcium precipitated activity experienced a sharp decrease 
with the increase of Ca2+ concentration from 30 mM to 120 mM. The author stated that the 
growth of bacterial cells was possibly inhibited by excessive amount of Ca2+, as Ca2+ may 
change the permeability of cellular membrane and consequently decrease the metabolism of the 
cells. Wang et al. [76] stated the overdose calcium (more than 0.02M) would cause over 
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saturation of calcium ions in the solution and lead to reaction with OH- and form Ca(OH)2, in 
which the amount of OH- in solution was reduced and pH value decreased. However, alkaline 
environment was preferable for transferring CO2 to CO32- and precipitation of CaCO3, thereby 
the healing efficiency was negatively affected.  
Moreover, Seifan et al. [173] found that the calcite was predominately precipitated when 
bacteria used calcium source (calcium lactate) whereas vaterite was the main product when 
bacteria utilized calcium chloride. 
Calcium nitrate has been investigated to be added directly to the mortar matrix as the bio-
nutrients in the bacteria-based self-healing concrete. Based on previous research, calcium 
nitrate was confirmed to be the accelerator to the hydration of cement. According to Karagol et 
al. [178], calcium chloride and calcium nitrate have the same cation as C2S and C3S, and the 
accelerating of cement hydration process can be caused by the nucleating action of such ions. 
Simultaneously, the hydrate crystallization process is more intensive at the presence of such 
accelerator. According to Kičaite et al. [179], calcium nitrate reduced the initial setting time of 
CEM I R and CEM II R while the dosage was higher than 2% and 1.5% respectively. Higher 
dosages were needed to accelerate final setting times for both CEM I R and CEM II R. Polat 
[180] investigated effect of calcium nitrate on the microstructure and mechanical properties 
changes of mortar samples subjected to freeze-thawing cycles. Results showed that the samples 
containing calcium nitrate had a denser and more compact microstructure compared with 
control samples, which made the samples more impermeable as well. Thus, the addition of 
calcium nitrate was found to increase the compressive strength of cement mortar samples, 
especially in early stage [178]. Polat [180] stated that addition of calcium nitrate enhanced the 
ultrasonic pulse velocity values of mortar specimens and increased the durability of concrete. 
However, calcium lactate was found to be more effective regarding calcite precipitation in the 
early stage compared with calcium nitrate [181]. It suggested that calcium lactate may provide 
additional nutrition for bacterial activity which may lead to the higher cell activity and faster 
biotic calcite precipitation. Moreover, higher amounts of CO2 were released in the metabolic 
reactions of calcium lactate compared with calcium nitrate. According to the SEM pictures, 
precipitation products from calcium nitrate were more likely to be spherical and lamellar 
particles, but products from calcium lactate were mostly irregular shapes and relatively larger 
size compared with those from calcium nitrate. 
Nutrients provide energy to the germination and growth of bacteria, and hence the amount of 
nutrition affects the biomineralization of calcium carbonate. Different types and amount of 
nutrients significantly affect microorganisms. Anderson and Jayaraman [182] indicated that 
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carbon and nitrogen are the most important sources which provide energy and heterotroph 
survival.  Different metabolic pathway also requires different nutrients. For example, Seifan et 
al. [173] noticed that CO2 was required by bacteria for germination and biosynthesis of 
carbonate in non-methylotrophic methanogenesis pathway. The consumption of organic acids 
(acetate, citrate, oxalate etc.) by some soil bacteria such as B. Pseudofirmus, Pasudomona 
fluorescens etc. has been reported to contribute to dissolution of inorganic carbon (DIC). 
Calcium lactate was reported to be the only source that can provide energy for microbial activity 
and carbon to the precipitation [157]. 
In the ureolysis metabolic pathway, urea provides calcium source to the bacteria, the hydrolysis 
of one mole urea can produce one mole of calcium carbonate. It was confirmed that higher 
concentration of urea promotes calcium carbonate precipitation. Although the higher calcium 
ions concentration in the environment contributes to the biomineralization of calcium carbonate, 
negative effect of large dose of calcium salt on the enzyme activity and calcium carbonate 
precipitation was observed by many researchers [157;158;159]. Thus Wang et al [174] stated 
that the most suitable concentration of urea in the deposition medium might be 0.5M. 
The possible reason for the decreased microbial activity and calcium carbonate biosynthesis is 
the increased electrolytes in solution due to large dose of calcium ions [183]. It is believed that 
highest amount of precipitation can be achieved within appropriate range of reactants’ 
concentration to avoid any microbial produce of inhibition. 
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3.4 Delivery system for bacteria-based self-healing agents 
Delivery systems for other self-healing agents expect bacteria were stated in Chapter 2 in details, 
in this chapter, delivery systems for bacteria-based self-healing agent are given. In BBSHM, 
bacteria were introduced via various pathway, in early stage of study, researchers added 
bacterial cells directly in the cement mortar, but later more encapsulation methods were used 
to protect bacteria from the harsh environment in cement mortar. Some delivery systems, such 
as microencapsulation, lightweight aggregate etc., were similar to aforementioned systems in 
Chapter 2, some methods, like iron oxide and powder based, were individually used in BBSHM. 
3.4.1 Direct addition 
In early investigations, bacteria and nutrients were normally added directly to the cement matrix. 
Jonkers and Schlangen [193] tested the feasibility of applying bacterial spores in concrete for 
the development of its self-healing capacity. They applied three species of bacteria, Bacillus 
cohnii, Bacillus halodurans and Bacillus pseudofirmus. Cement chips incorporated bacteria 
were cured in yeast extract medium. SEM images showed precipitated calcium carbonate 
crystals after 12-days healing treatment. Ghosh et al. [186] directly added an anaerobic 
microorganisms belong to Shewanella species and E. coli into cement mortar matrix by 
dissolving bacteria in mixing water. Results showed that the direct addition of microorganisms 
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enhanced the compressive strength of the mortar sample, and fibrous material was noticed 
formed within the pores of sample.  
However, direct addition of bacteria may result in low survivability, Sharma et al. [171] 
investigated the survivability of Bacillus pseudofirmus, Bacillus halodurans, Bacillus cohnii 
by adding bacterial spores directly into cement paste samples. Results showed that after 1 and 
3 days of curing, only 4.4 and 1.4% of B. pseudofirmus, 2.1 and 0.25% of B. cohnii, 0.24% of 
B. halodurans survived, and this number subsequently decreased in the following period.  
3.4.2 Macroencapsulation 
Wiktor and Jonkers [141] firstly encapsulated a mixture of bacterial spores and calcium lactate 
in expanded clay particles which was a type of lightweight aggregate (size of 1-4 mm). The 
particles were impregnated twice under vacuum and encapsulated 6% (by mass) calcium lactate 
and 1.7 × 105 spores/g particles. A maximum crack width of approximately 0.46 mm was healed, 
which was two times that of reference specimens. 
In order to prevent any leakage of self-healing agent out from the aggregate, coating was 
applied on the impregnated material. De Koster et al. [104] developed the technique on 
encapsulating bacteria with geopolymer. The geopolymer coating were produced from 
metakaolin and five different liquid activators, and metakaolin is the only solid aluminosilicate 
source to reduce the reaction complexity. The healing agent particles were rotated in a 
granulator and sprayed by metakaolin and activator liquid either a low pressure or a high-
pressure nozzle. 
Zhang et al. [143] developed the encapsulation method. Another type of lightweight aggregate 
- expanded perlite - was firstly impregnated under vacuum with bacterial spores (Bacillus. 
cohnii) suspension, then dried for 2 days until a constant weight was achieved. Next, the 
impregnated perlite was sprayed nutrients solution (yeast extract and calcium lactate) and dried 
for 2 days. Finally, the particles were coated with geopolymer coating by high-pressure nozzle 
sprayer. The developed method allows bacterial spores and nutrients to be encapsulated in one 
perlite particle at the same time but not mixing together, which reduces the perlite content in 
specimens while achieving the same number of bacterial spores or nutrients, compared to 
previous methods. In this case, the effect of bio-based lightweight aggregate on the mechanical 




Wang et al. [76] investigated the feasibility of using melamine-based microcapsules as the 
carrier for bacterial spores in self-healing concrete. Bacillus sphaericus LMG 22557 was 
selected as the suitable bacteria strain in the experiment, and the nutrients for bacteria included 
yeast extract and calcium-nitrate as the calcium source was mixed directly with mortar paste. 
Bacteria was prepared as powder, and the encapsulation was based on a poly-condensation 
reaction-based microencapsulation process following a patent [194]. The microcapsules were 
melamine based and the size was around 5 µm. Concrete with microcapsule encapsulated 
bacteria presented the healing efficiency of 48%-90%. 
3.4.4 Hydrogel and geopolymer encapsulation 
Due to the harsh environment in concrete matrix, protection for bacteria is essential to keep it 
alive and withstand the mixing process of cement paste. Enough water supply is essential for 
the bacterial germination also the dissolution of nutrients. Hydrogel was found to have enough 
polymer networks and high-water absorption capacity. Moreover, hydrogel can retain a large 
amount of water and release to the surrounding slowly. Thus, hydrogel was thought to be the 
potential carrier for bacterial self-healing. 
Wang et al. [159] have used hydrogel, which presented as Pluronic-BMA, as the protective 
carrier for bacteria spores and nutrients in the harsh environment in concrete. Bacterial spore 
suspension was firstly mixed with polymer solution and then the initiator was added. The 
mixture was subsequently injected into two separate glass plates and subjected to UV 
irradiation for 1 h to obtain hydrogel sheet. Encapsulation of nutrients and deposition agents 
(bio-reagents) followed the same steps as bacteria. To obtain encapsulated bacteria together 
with bio-reagents, powder of bio-reagents was firstly mixed with polymer solution, and then 
bacterial spores’ suspension and initiator were added into the mixture, following steps were 
same as aforementioned. The results showed that the crack with a width up to 0.5 mm was 
completely sealed in the specimens incorporated with in hydrogel immobilized bacteria, while 
up to 0.3 mm-width crack was healed in the non-bacterial specimens. Also, the water 
permeability of bacterial series was decreased by 68% in average compared with non-bacterial 
series. Highly healing efficiency (about 40% to 90%) was observed in the hydrogel 
encapsulation pathway. Wang et al. [174] noticed that when pure hydrogel exposed to air at 60% 
RH and 20°C, it could retain 70% and 30% of water after 12 hours and 24 hours explosion 
respectively.  However, the type of hydrogel influenced the performance of healing, non-ionic 
hydrogel performed better in this situation since it is not affected by the chemicals in the air. 
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Wet-dry cycles is the better curing condition for the hydro-immobilized bio-specimens 
compared with immersed in water and high humidity conditions. 
Wang et al. [164] applied modified sodium alginated based hydrogel as the bacterial spore 
carrier. They encapsulated 4.4 ×109 spores in 1 g AM (methacrylate modified alginate) powder 
by absorption in AM solution, drying and grinding. Urea and YE were mixed with water before 
adding to cement matrix. The encapsulation was found to be effective as bacterial spores were 
thought to be viable measured by oxygen consumption at cracked site in the specimens. 
Although some leakage of encapsulated bacterial spores was recorded at the mixing stage, 
approximately 99% spores remained in encapsulated form.  
3.4.5 Glass capillaries & Injection system 
Glass tubes containing self-healing agent are another potential carrier for protecting agents from 
the harsh environment in concrete matrix. Wang et al. [174] injected the healing agents into 
three glass tubes which glued to each other (Figure 3-3). Two types of compartments were 
prepared. In group A, one tube was filled with first component of polyurethane (PU) which 
served as filling material, the second tube was injected with second component of PU and 
deposition medium (nutrients for bacterial growth and calcium source), third tube was filled 
with bacterial cells (108 cells/ml). In group B, first two tubes were filled same components as 
these in group A, only bacterial cells in third tube was replaced by autoclaved (dead) bacterial 
cells. In the experiment, two sets of compartmented tubes, consisting of three tubes mentioned 
above either in group A or B, were placed in the middle centre of mortar specimens. Upon crack 
occurrence, glass tubes rupture and all self-healing agents flowed into concrete matrix. Firstly, 
polyurethane (PU) was polymerized to PU foam in the crack area. In a second step, bacteria, 
which was incorporated inside the PU, precipitated calcium substances and plugged the crack. 
In this system, it needed to be ensured that these three glass tubes are ruptured at the same time. 
However, the results showed that there was no obvious improvement using live bacteria 
compared with using dead bacteria, which suggested that the polyurethane was more effective 
in sealing cracks rather than being an immobilization medium. 
In this system, to ensure bio-agents can be released to exact place of cracks, tubes were 
positioned in predicted location of cracks. However, since, in-situ, cracks occurred randomly 






3.4.6 Other immobilizations 
Diatomaceous earth 
Diatomaceous earth (DE) was applied as ae protective carrier for incorporated bacteria and 
nutrients in research conducted by Wang et al. [156]. Diatomaceous earth is a natural soft 
siliceous sedimentation, which has highly porous, lightweight and stable structures. The porous 
DE cells can absorb bacteria and nutrients, also water and oxygen in the hollow pores. To make 
bio-specimens, DE powder was firstly added to bacteria suspension to make the pre-mixture, 
and then the pre-mixture containing DE-immobilized bacteria was mixed with cement, water 
and nutrients solution. The results show that the DE-immobilized bacteria had higher ureolytic 
activity compared with free bacteria in cement slurry. Cracks with a width around 0.16 mm 
were completely sealed in the specimens containing DE-incorporated bacteria. Higher 
concentration of DE leads to better protection of bacterial spores, however, DE have many 
nano-scale pores, which means moisture in the concrete matrix is more likely to be absorbed 
by the large amount of DE particles. 
Huynh et al. [195] have applied the natural diatomaceous earth Lam Dong which consisted of 
70% amorphous silica gels and 20% of alumino-silicate compound as the effective protection 
of bacteria and nutrients. Dry diatomite powder was mixed with bacteria solution and 
granulated to pellet with diameter of 10 mm, then coated with cement paste. Results showed 
that adding diatomite earth incorporated bacteria had positive effect on mechanical properties 
even after 2 years. 
Zeolite 
Figure 3-3 Glass tubes injected self-healing agents [174]. 
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Bhaskar et al. [133] have applied zeolite to immobilize bacterial spores and relevant re-agents. 
Zeolite is a promising carrier for immobilization of bio-agents due to its high porosity and large 
surface area. These minerals have pore size between 0.42 and 1.4 nm. To immobilize bacteria, 
bacterial spore suspension was mixed with zeolite, and subsequently placed on a shaker for 1 h 
at 100 rpm. The relevant re-agents were dissolved in water and replaced part of the mixing 
water in cement mortar. Rapid chloride permeability test and SEM images confirmed the 
incorporated bacteria produced copious quantities of minerals, which have the possibility to 
seal cracks. 
Iron oxide nanoparticles encapsulation 
Due to nanoparticles’ efficient interaction with microbial membrane, iron oxide nanoparticles 
(IONs) were applied as protective vehicle for bio-agents [196]. The naked IONs were 
synthesized by the technique described by Ebrahiminezhad et al. [197]. The solution containing 
FeSO4·7H2O and FeCl3·6H2O was stirred under N2 atmosphere to synthesise APTES@Fe3O4 
(Synthesis of 3-aminopropyltriethoxysilane Coated Fe3O4), ammonium hydroxide solution was 
quickly injected into the solution. Finally, the non-magnetic particles were washed out and 
IONs were harvested. APTES solution was mixed with naked IONs particles to precipitate 
APTES-coating on the particles. Then the coated IONs nanoparticles were dispersed in distilled 
water and transformed to bacterial cells suspension for immobilization. Several analytical 
methods, including Fourier Transform Infrared Spectroscopy (FTIR) and transmission electron 
microscopy (TEM) etc., were conducted on the fabricated IONs particles prior to the casting of 
specimens. To prepare the bio-specimens, nutrients solution containing urea, calcium chloride 
anhydrous and yeast extract were inoculated with immobilized bacteria with MIONs, and the 
mixture were gradually added into concrete mixture. In the magnetic immobilization process, 
the IONs absorbed on the surface of bacterial cell due to the electrostatic forces. The SEM 
pictures has confirmed the interaction between MIONs and bacterial cells [196]. 
The results from TEM micrograph demonstrated that the nanoparticle with size of 12 to 18 nm 
had a positive interaction with bacterial cells, and SEM pictures showed that the immobilized 
bacteria successfully contribute to the closure of cracks. 
However, this technique has been only applied on bacterial cells, consider the lifespan of 
bacteria, bacterial spores were more frequently used in the bio-concrete. The possibility of 
immobilizing bacterial spores in IONs may need further research. 
Porous ceramsite carrier and other particle carriers 
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Xu et al. [198] encapsulated bio-based healing agents in porous ceramsite carriers. Through 
visual observation, cracks up to 273 µm could be healed in 28 days, and strength regain 
increased 24% and water absorption coefficient dropped 27%. 
More recently, bacteria and nutrients were encapsulated in graphite nanoplatelets [199]. Results 
showed that crack width upon 0.81 mm were healed. The advantage of this carrier was that 
graphite nanoplatelets was uniformly distributed within the concrete matrix, and subsequently 
increase the compressive strength by 9.8%. 
Gupta et al. [200] used biochar which derived from wood waste with particle size of 5 µm to 
120 µm as the carrier for bacteria. Superabsorbent polymer (SAP) and polypropylene 
microfibers (PP) were added to provide extra moisture for bacteria during damage of concrete 
specimens. Crack s up to 700 µm was completely healed, and strength and water permeability 
were improved as well. 
Calcium sulphoaluminate cement which is a low alkali cementitious material [201] and a 
wood/plant fibre-based carrier [202] were also reported to have positive effect on self-healing 
of concrete.  
Powder based healing agent 
A powder mix of bacterial spores and nutrients compressed into tablets or particles is an 
alternative approach to immobilise healing agents that has been tried, as less volume is required 
for embedding healing agent [164]. This contributes to less strength reduction of the concrete. 
Wang et al. [164] has encapsulated 4.4 × 109 spores in 1 g MA (methacrylate modified alginate) 
powder by absorption in MA solution, drying and grinding. Urea and YE were mixed with 
water before adding to cement matrix. Based on the oxygen consumption results, encapsulation 
increases viability of bacterial spores significantly compared to free spores. 
Liquid-based system for concrete repair 
Based on Sangadji and Schlangen’s research [116], Wiktor and Jonkers [141] have developed 
a liquid-based self-healing system for repairing cracks of aged concrete structure based on a 
non-ureolytic self-healing pathway. This system consists of two solutions: Solution A contains 
sodium-silicate as an alkaline transportation buffer, sodium gluconate as a carbon source and 
bacteria; and solution B contains calcium nitrate (nitrate source for denitrification and calcium 
source for calcite precipitation) and bacteria. These compounds can form calcium silicate-based 
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gel rapidly and seal crack and also provide alkali environment for bacteria growth. Self-healing 
compounds were injected into crack region to trigger healing. 
Oxygen releasing Tablet (ORT) based system 
A main drawback of the aforementioned self-healing strategies is that the precipitated calcite 
only presented on the surface of crack, and quantities of precipitated calcite decreased with the 
increase of depth of crack. This is because of the shortage of oxygen in deep crack. Zhang et al. 
[172] developed the self-healing system containing oxygen-releasing tablets as the oxygen 
supplier for bacteria activities, also the precipitation of calcite. From the results, CaO2 was 
considered as the most suitable oxygen-supplier in the concrete environment, and bacterial 
spores successfully germinated in the nutrients medium containing oxygen-releasing tablets. 
Future work should focus on combining oxygen-releasing system with encapsulation strategy 
to improve the viability of bacteria and effectiveness of precipitation of calcite. 
 
3.5 Effect of self-healing agents on the properties of concrete 
3.5.1 Mechanical properties 
Among all the calcite precipitation bacteria species, S. pasteurii with final density of 1.14 X 
109 cells/cm3 concrete shows slight effect on the tensile and compressive strength of concrete 
after 3-, 7- and 28-days curing [193]. Lower concentration of live cells (7.6 × 103 cells/cm3) 
enhanced the compressive strength of mortar [155]. However, for specie Bacillus cohnii, 
concentration of 6 × 108 cells/cm3 sample reduced mortar strength less than 10% [157]. 
Bacteria and nutrients were found to have positive effect on mechanical properties of cement 
mortar while they were added into cement paste directly. The optimal concentration of calcium 
lactate added into 3% Enterococcus was 0.005 mol/L. This concentration contributed 16.4% 
increase of compressive strength, 25.2% increase of tensile strength and 39.5% increase of 
flexural strength. Ghosh et al. [186] directly added a thermophilic anaerobic microorganism at 
various cell concentration into cement matrix. 25% increase in compressive strength was 
noticed on 28-days aged cement mortar specimens. However, the primary challenge for this 
pathway was the survival of the bacteria, since the reduced pores size and lack of nutrients may 
lead to a sharply decrease in the quantity of bacteria. 
Jonkers and Schlangen [157] found that with addition of bacterial spores (6 × 108 cm-3) and 
calcium lactate (0.5% of cement weight), the strength of cement paste was reduced by 10% 
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compared with control series. Investigation among 11 tested compounds showed that six 
compounds, including yeast extract, peptone, starch, urea, sodium-polyacrylate and sodium-
aspartate, led to strength loss. However, 5 compounds (sodium glutamate, calcium glutamate, 
calcium formate, calcium acetate and calcium lactate) appeared no obvious effect on strength 
development. 
The addition of microcapsules did not show obvious effect on the density of concrete, but 
significantly weaken the mechanical properties of concrete. While the dosage of microcapsules 
was higher than 3% (by the mass of cement), the tensile strength was decreased significantly 
[76]. On the compressive strength, the negative effect was even more, as the compressive 
strength dropped dramatically by 15% to 34% while the addition of microcapsules increased 
from 1% to 5%. Moreover, according to the statistic results, addition of nutrients had slighter 
effect on the mechanical properties of concrete compared with bacteria. Jonkers [141]noticed 
similar trend, considerable strength reduction occurred when granite aggregates were replaced 
by bacteria encapsulated lightweight aggregate. As nutrients, yeast extract and peptone addition 
also reduced compressive strength. However, calcium lactate can slightly improve the strength 
when it was used as the only mineral precursor. 
3.5.2 Hydration of cement 
Through analysis of the heat production and cumulative heat production of cement paste 
containing encapsulated bacteria [76], Ca-nitrate was found to accelerate the hydration of 
cement. But YE, urea and microcapsules delayed hydration to some extent, possible reason was 
that nutrients shielded cement particles from reacting with water. The main reason for the 
retarding effect of organic compounds on the cement hydration is that these compounds are 
easily absorbed on the mineral particle surface, thereby inhabit the contact of cement with water 
and hence retard the hydration of cement. 
Bundur et al. [168] stated that the hydration of cement, also the hydration of aluminate phases, 
can be repressed if the mixing water was replaced by either UYE medium or bacterial culture 
(S.pasteurii grown in UYE medium). Yeast extract (1% by weight of cement) was found to 
have severe retardation effect on hydration kinetics of cement; same result was obtained from 
the bacterial cement pastes with added urea-yeast extract medium and bacterial vegetative cells. 
However, William et al. [203] noticed that the replacement of yeast extract by meat extract and 
sodium acetate can reduce the retardation of cement kinetics caused by yeast extract. 
In the study conducted by Abderlrazig et al. [204], OPC with calcium nitrate addition showed 
initial increase of calcium level and decrease of sulfate and hydroxyl. Higher levels of calcium 
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hydroxide precipitation were expected due to the depression of hydroxyl ion concentrations. 
Furthermore, within 3 to 6 hours, more ettringite was found in the hydration products of OPC. 
In summary, the addition of calcium nitrate leads to the faster and more formation of calcium 
hydroxide and gypsum than the plain OPC paste. However, evidence showed that there was a 
limited amount of the accelerating admixtures, e.g. calcium nitrate, excessive amount of 
calcium nitrate cannot lead to the formation of more gypsum and calcium hydroxide, and other 
compounds were likely to be formed. 
 
3.6 Optimal conditions for bio-agents 
3.6.1 pH value 
The microbial precipitation performance can be affected by the microorganisms by altering the 
precipitation factors, e.g. pH and bacteria amount etc. [71]. Microbial activity can promote or 
mediate precipitation or dissolve calcium carbonate according to the environment conditions 
[205]. In general, saturation index (SI) indicates the precipitation, and SI is defined by the Eq. 
3-14: 
 
SI = log 	(!"#$!")                                                                                                      Eq. 3-14 
 
Where IAP correspond the ion activity product and Ksp is the solubility product. According to 
Baumgartner et al. [206], in the environment without any specific inhibitor, the precipitation is 
more likely to occur if SI exceeds 0.8. Bacteria can create an alkaline environment by the 
microbial activities and the microbial metabolism due to the presence of calcium source further 
increases pH value, and these microbial activities promote the crystal formation by shifting the 
equilibrium. 
Since the pH value in early age concrete is high, most of the selected bacterial strains terms of 
self-healing are alkaline tolerant. Recent study suggests that calcium carbonate tends to 
precipitate in alkaline solution rather than neutral pH solution [207], particularly in presence of 
Bacillus species [208]. In the ureolytic pathway, due to the hydrolysis reaction of ammonium, 
the pH around bacterial cells in the micro-environment initially increases, and the increase 
propagates in the bulk solution. Stocks-Fischer et al. [209] stated that the urease activity due to 
S. pasteurii can increase the pH from 6 to 8 rapidly. Similar results were observed by Whiffin 
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[210], S. pasteurii was found to be most effective in the pH range of 7-9 for 5-hours incubation. 
Wang et al. [160] noticed that the optimal pH value for Bacillus sphaericus was 7-9, high pH 
range 10-11 slowed down the germination and grow but not stop. Dick et al. [211] found that 
Bacillus sphaericus increased pH in medium from 5 to 8.4 ± 0.1 in first 4 hours and gradually 
to 9.0 ± 0.2 in 16 hours, and Bacillus lentus shows slower increase to 6.3 ± 0.4 and 8.0 ± 0.6 in 
8 hours and 16 hours. 
Therefore, ureolytic bacterial activity can biologically increase the pH of solution and the 
supersaturated condition facilitates the MICP process as CO32- is more likely to dissolve rather 
than precipitate in lower pH conditions. 
Some ureolytic bacterial strains also showed viable in extreme high pH value environment. 
William et al [212] found that large amounts of B. pasteurii bacterial cells remained viable in 
a cement extract solution with pH of 13, although according to ATCC (2014), the optimal pH 
for B. pasteurii is 9. Furthermore, previous study showed that while B. pasteurii cells were 
exposed to extreme pH (13.6), the urea hydrolysis was temporarily halted, but exposure to 
milder pH (12.5) had slight effect on the viability and urea hydrolysis of B. pasteurii [212]. In 
the experiment conducted by Seifan [208], pH of 9,10,11 and 12 were investigated, results 
indicated that the cells’ concentration and calcite precipitation amount were increased with the 
increase of pH, while highest viability of bacteria was obtained at pH 10. 
Xu and Wang [201] conducted a simulation test in which the ureolytic bacteria were mixed 
with cement pore solution. In the high pH value solution, the lag phase of cell growth was 
slightly prolonged, and the bacteria’s efficiency of decomposing urea almost decreased 50%. 
Wang et al. [76] noticed similar phenomenon as the spores were germinated until the high pH 
environment was removed. 
However, there has been little studies conducted on the metabolic bacterial strain’s activity in 
various pH environment, especially extreme high pH (≥ 10) or neutral pH (around 6-8) 
environment. Furthermore, later-aged concrete may have a relatively low pH value (< 9) which 
is close to neutral due to carbonation, particularly on the surface of the structure where the 
cracks mostly occur. Therefore, bacterial activities in this environment is considered to be 
negatively impacted as these MICP bacteria are alkaline species.  
The pH of medium influences the precipitates formed as well. Supersaturation can be achieved 
by increasing pH value in the medium, and the high degree of calcium saturation facilitates the 
formation of vaterite and inhibits the transformation to calcite. Vaterite was noticed to be 
formed at lower pH level, whereas calcite was formed at higher pH level [208]. 
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3.6.2 Oxygen content 
Wang et al. [164] conducted experiment on oxygen consumption of specimens with or without 
modified alginate hydrogel encapsulated B. sphaericus spores. Although oxygen has not 
obvious effect on ureolytic activity [160], oxygen is necessary for germination. As the results 
shown in Figure 3-4, only the specimen with encapsulated spores showed significant oxygen 
consumption, and the consumption started after 24 hours and ended at 72 hours, which means 
germination only occurred after 1 day and stopped after 3 days. This could also indicate that 
only germination, not ureolytic activity, consumes oxygen. 
As for the aerobic pathway, oxygen is consumed not only in germination but also during the 
decomposition reaction of calcium precursor. Palin et al. [121] evaluated dissolved oxygen 
concentrations in simulative marine concrete crack solution (SMCCS) containing beads with 
or without bacteria and nutrients. Once depleted dissolved oxygen concentration, SMCCS was 
decanted into sterile bottle for shaking 5 mins vigorously, after which the SMCCS were poured 
back into original bottle. Results (Figure 3-4) shown below indicates that more than 1500 




Figure 3-4 Oxygen consumption in the boundary layer (0.5 mm water layer above the 
investigated location of the different prism surfaces), (A) specimen with only nutrients, (B) 
specimen with nutrients and modified alginate hydrogel, (C) specimen with nutrients 
 
Tziviloglou et al. [125] conducted oxygen concentration test on the crack surface of specimens 
from 50μm to 5 mm above. The specimens were placed in either tap water or carbonate-
bicarbonate buffer, and each set of tests ran 10 minutes. Results of the measurement (Figure 
3-5) indicated that oxygen consumption only presented for the bacteria-based specimens. 
Specimens in tap water or buffer showed different starting time, duration and magnitude of 
oxygen consumption. As specimens immersed in water started to consume oxygen immediately, 
and lasted approximately 2.5 hours, while specimens in buffer started to consume oxygen after 
20 hours of immersion, and it lasted about 8 days. 
Wang et al. [160] noticed that the oxygen was an essential factor of germination and growth of 
Bacillus sphaericus but not strictly needed during the decomposition of urea.  
Seifan et al. [208] investigated the impact of different aeration rate on the cells’ growth and 
calcite precipitation. The precipitated calcite amount increased with the increase of supplied 
oxygen, although the number of cells remained stable when the airflow increased from 2.5 to 
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4.5 standard litre per minute (SLPM). Oxygen releasing compounds (ORCs) have also been 
tried to improve bio-based precipitation. An earlier experiment conducted by Zhang et al. [166] 
found that added ORCs significantly enhanced the calcite precipitation. In the experiment, the 
authors investigated the oxygen releasing ability of CaO2, ZnO2 and MgO2, and calcium 
peroxide presented highest efficiency in the oxygen releasing and greatest potential in ORC. 
Also calcium peroxide can provide extra calcium ions to calcite precipitation.  
 
Figure 3-5 Typical profile obtained by specimens in tap water, b. Oxygen consumption in time 
from B specimen immersed in tap water, c. Typical profile obtained by specimens in buffer, d. 
Oxygen consumption in time from B specimen immersed in buffer [125]. 
 
3.6.3 Temperature 
Temperature was reported to be one of the important factors that affects the morphology of 
crystals [213]. Moreover, temperature influences the reaction rate, activity of bacteria and 
enzyme, and hence the precipitation. The increase of bacterial activity caused by the increase 
of temperature results in the faster chemical reaction and precipitation. Whiffin [210] observed 
that for every degree of increase of temperature between 25 and 60 °C, the urease activity of S. 
pasteurii increases with the rate of 0.04 mM urea/min. However, De Muynck et al. [214] noticed 
that more precipitation occurred at 37 °C than at 10, 20 or 28 °C. This might be caused by the 
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faster bacterial activity and large supersaturation and hence a high rate of precipitation in short 
time. But in some cases, like Rodriguez-Navarro et al. [215] found on carbonate stone which 
mainly consists of benthic foraminifera, red algae, and fragments of bivalves and echinoderms, 
if calcite was precipitated too fast, it was loosely accumulated on the surface which exhibited 
lower adhesion to the stone matrix. Therefore, bacterial treatment over the common temperature 
(5~30 °C) is ideal for the precipitation. 
Furthermore, William et al. [212] noticed that with the increase of temperature from 45 °C to 
55°C, the viability of B. pasteurii and initial urea hydrolysis decreased remarkably. Moreover, 
S. pasteurii cells were more sensitive to the temperature change compared with pH. But Seifan 
et al. [173] found that the temperature (33, 39 and 45 °C) had no obvious effect on the efficiency 
of self-healing process. 
Urea hydrolysis depends on temperature to some extent like other enzymatic reactions [216]. 
Temperature varies from 20 to 37 °C was reported to be the optimal temperature range based 
on the reagents’ concentration and environmental conditions [165]. Ferris et al. [217] observed 
5 and 10 times increase of rate of urea hydrolysis when the reaction temperature was increased 
from 10 to 15 °C and from 10 to 20 °C respectively.  
However, a relatively high temperature indicates negative effect on enzyme activity and 
bacterial metabolism.  Dhami et al. [218] found that the urease activity was more stable at 35 °C 
compared with 55°C. Seifan et al. [173] noticed that for Bacillus species, the temperature range 
33-45 °C has a slight effect on the calcium carbonate precipitation. However, higher 
temperature inhibited the growth of bacteria and also the enzyme activity. According to 
Hammes [71], solubility constant (Kso) governs equilibrium reactions terms of biological 
precipitation and calcium dissolution process. Van Haandel and Lettinga [219] stated the 
temperature dependent equation to define the solubility constant of calcium carbonate. So that 
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3.6.4 Healing regime 
The incubation condition has significant effect both on the autogenous self-healing efficiency 
and autonomous self-healing efficiency. Water is the one of the most essential elements in the 
self-healing system as it is essential for the secondary hydration of unhydrated cement which 
is the main reaction in autogenous healing. And water dissolves the nutrients for bacteria and 
contributes to the germination of bacterial spores in the autonomous healing process. 
Wang et al. [76] has placed cracked mortar specimens containing microcapsulated bacteria in 
95% RH environment and found no healing. Possible reason is that there is no free water in the 
high humidity while bacterial spores need water to revive and nutrients need to be dissolved as 
well. 
However, complete immersion in water is problematic since most bacteria used in self-healing 
concrete are aerobic and therefore require oxygen ingress into the concrete matrix for healing 
to occur. Although there is some oxygen dissolved in water, exposure to atmosphere makes 
more oxygen available for bacteria than immersion in water. Thus wet-dry cycle is thought to 
be suitable for self-healing treatment, as specimens absorbed enough water in the wet stage 
which kept matrix wet even during the dry stage and had access to more oxygen when 
specimens were exposed to atmosphere. 
Tziviloglou et al [125] has tried the wet-dry cycles healing treatment environment for 
specimens. According to the stereomicroscopic images and water permeability test, the 
reference mixture specimens (REF) and control mixture specimens (CTRL) with non-
impregnated LWA showed partial or full crack sealing under water immersion, but less or even 
no crack closure when subjected to wet-dry cycles. Mixture specimens (B) with impregnated 
LWA specimens under immersion treatment exhibited obviously improved crack sealing, 
compared with REF and CTRL specimens. Moreover, mixture (B) showed complete crack 
closure when subjected to wet-dry cycles treatment. 
Wang et al. [76] conducted the experiment on self-healing concrete containing bio-
microcapsules, results showed that compared with specimens immersed with water or 
deposition medium, in wet-dry cycle with water or deposition medium, specimens in air-
condition with high humidity but no water showed no obvious healing. And the highest amount 




3.7 Recovery of properties of BBSHC and the healing products 
3.7.1 Visual observation 
Visual observation is one of the main methods used to evaluate the healing rate of BBSHC. A 
summary on the visual detecting techniques used in self-healing studies is given in Table 3-3. 
One of the main parameters is measure the crack size and calculate the corresponding healing 
rate. Wiktor and Jonkers [141] noticed that for the sample containing LWA encapsulated 
Bacillus subtilis, crack size up to 0.46 mm had been healed. Luo et al. [145] found that when 
directly added Bacillus species into mortar matrix, crack width up to 0.8 mm was closed.Wang 
et al. [76] calculated the healing rate by the healing area, results showed that 48%-80% of crack 
area was healed in bacteria-based samples while the number was 18%-50% for non-bacterial 
samples.  
Scanning electron microscopy (SEM) is another main technique to determine the morphology 
and size of the precipitate crystals. Many researches confirmed the formation of crystals within 
crack with the presence of bacteria [147,176,179], but different morphologies were noticed. Xu 
et al. [135] found that the calcium source may cause different morphologies to the formed 
calcium carbonate, like spherical, rod-shaped, irregular, or blocky particles. De Muynck [220] 
confirmed that, not the water-cement ratio, but the type pf calcium source, had influence on the 
precipitation. The presence of chloride ions led to rhombohedral crystals, but acetate ions 
resulted in spherical particles.  
EDS, TGA, XRD, and FTIR are normally used to identify the chemical composites and 
structure of the precipitates. Calcium carbonate is the main precipitation products confirmed in 
many studies [145,174,181,192,221]. 
 
3.7.2 Recovery in water tightness 
The permeability property of concrete depends on several features, including water/cement 
ratio, the age of harden cementitious materials, size distribution etc [223]. In the bio-based self-
healing system, CaCO3 deposition within the crack can result in a decreased permeability and 
absorption coefficient compared to previous cracked surface. A summary of permeability test 
used on cementitious materials is given in Table 3-4. In the absorption test conducted by Achal 
et al. [167], the specimens containing Bacillus Megaterium and nutrients absorbed three times 
less water than control specimens, which was supposed to because of precipitated CaCO3. 
Similar results were obtained by Siddique and Chahal [224] after the addition of Bacillus. 
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pasteurii (at 105 cells/mL). Wang et al. [159] reported about 68% reduction of water 
permeability when bacteria was encapsulated in hydrogel. 
Moreover, gas permeability was also used to determine the permeability recovery caused by 
the MICP [135], similar results were obtained as previous water absorption/permeability tests, 
deposition of calcium carbonate contributed to the decrease of gas permeability. 
 
Table 3-3 A summary on visualization testing methods used in bacteria-based cementitious 
materials 
Bacteria species Technique Main findings Reference 
Bacillus	strain Optical microscopy + Image analysis Crack of bacteria-based specimen was visually healed [75]  
Bacillus 
alkalinitrilicus 
Optical microscopy + Image analysis Crack size up to 0.46 mm was healed, EDAX confirmed 




Optical microscopy + Image analysis More white precipitates were found formed in cracks of 




Optical microscopy + Image analysis 48%-80% of crack area was healed in bacteria-based 





Optical microscopy + Image analysis+ 
Scanning electron microscopy (SEM) 
Large white crystals were filled cracks of samples 
containing bacteria and nutrients, cracks up to 0.273 mm 










Scanning electron microscopy (SEM) Crack surface of cement stone samples containing 
healing agents appeared to form large mineral-like 









Scanning electron microscopy + X-ray 
Diffraction (XRD). 
Deposition of white crystals were found in the voids of 
sample, copious amount of rhombohedral grains with 
size of 8 to 15 µm were noticed attached to the crack 
walls, XRD confirmed that the formed crystals were 
calcite. 
[191] 
N/A Scanning electron microscopy + X-ray 
Spectrometer (EDS) + X-ray Diffraction 
(XRD) + optical microscopy 
In bacteria-based samples, crack width up to 0.3 mm was 
healed, the precipitated crystals performed lamellar close 
packing morphology. Calcite was confirmed to be the 




Thermogravimetric analysis (TGA) Bacteria can precipitate a large amount of calcite in an 
aqueous environment, but a limited amount was achieved 
when the process occurred in encapsulation 
environment. 
[174]v 
Bacillus Cohnii Thermogravimetric analysis (TGA) + X-
ray Diffraction (XRD) 
XRD and SEM confirmed that the type of calcium source 
and medium composition may influence the 
morphology, size, and form of the precipitated calcite. 
[192] 
Bacillus cereus FTIR analysis CO32- was identified, and the typical C-O and C-C 





FTIR analysis Production of NH4+ and CO32- was identified.  [181] 
Bacillus 
sphaericus 
X-ray computed tomography The precipitates were randomly spread and not only 
concentrated in the sample. A dense deposition was 




Table 3-4 A summary on test terms of water tightness recovery used on bacteria-based 
cementitious materials 
Bacteria species Technique Main findings Reference 
Bacillus 
Megaterium 
Water absorption test Bacteria-based sample absorbed three times less water 




Water absorption test  Five time less water was absorbed by bio-samples. [224] 
Bacillus. 
pasteurii 
Water absorption test About 68% reduction of water permeability when 




Water permeability test Specimens containing self-healing agents appeared 




Capillary water absorption test Water absorption and coefficient of sorption of bacteria-
based samples significantly reduced. 
[191] 
Bacillus cohnii Capillary water absorption test The water absorption coefficient of specimens treated by 




Capillary water absorption test No additional healing was found in the absence of 
bacteria, even higher value was obtained for bacteria sole 
loading series. But with the presence of both bacteria and 




Capillary water absorption test A full recovery of the water tightness was found for the 




Initial surface absorption test Cracked samples presented higher value than uncracked 
sample, some differences was observed between the 
bacteria-based mixes. 
[120] 
N/A Water permeability test Water flow rate of specimens showed no sign of 
reduction up to 56 days, but significant reduction was 




Water permeability test  All specimens containing microcapsules showed a large 
decrease in the amount of absorbed water and water 
absorption rate. Bacteria-based specimens presented 










Water absorption test + gas 
permeability 
The cubes treated by bacteria and calcium chloride 
absorbed five less time water than control samples. The 





Capillary water absorption test Water sorptivity coefficient of sample decreased with the 
deposition of calcium carbonate. 
[135] 
 
3.7.3 Precipitation process and efficiency 
Ghosh et al. [186] observed 28% increase of 28-days compressive strength while 105 cells/mL 
facultative anaerobic Shewanella species were directly added into mortar mixture.. However, 
some researchers also obtained the contradictory results.  Park et al. [227] noticed 17% 
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decreased of strength while incorporated S. pasteurii. In the research of Jonkers et al. [157], 
incorporation of B. cohnii spores caused a decrease of strength by approximately 10%. Ersan 
et al. [228] stated that the development of concrete was relate to the form of bacteria. When the 
bacteria were added as spores, proteins were formed and caused more pores in concrete matrix, 
which resulted in the ultimate 60% decrease of strength. Vegetative cells were more compatible 
with concrete compared with spores.  
The Sporoscarcina Pasteurii bacteria showed positive effect on strength and durability of 
concrete when it was used in both fly ash concrete and silica fume concrete [134,135] 
The addition of carriers with or without bacterial spores has a negative effect on mechanical 
properties of concrete to some extent. MA (methacrylate modified alginate) is one type of 
hydrogel and the potential carrier for bacterial spores, concrete with different content of AM 
powder (no encapsulated bacterial spores) shows different decrease in strength [164]. The 
compressive strength and tensile strength are decreased 23.4% and 30% respectively at a higher 
dosage of addition (1% by mass in the experiment). 
Regarding the strength changes related with bacterial actions within concrete, many studies 
(applying ureolytic strains) attributed this to the precipitated CaCO3 upon cracks. Achal et al. 
[231] indicated that at early stage, bacterial cells grew slowly within concrete matrix, which 
resulted in no enough amount of calcite precipitates to fill the pores in concrete. Hence, limited 
strength recovery was observed at this stage. As prolonging the healing time, the quantity of 
CaCO3 increased gradually. But Park et al. [227] observed decrease of strength with the same 
bacterial strain and methodology. This could be due to the different amounts of added bacteria. 
High concentration of bacteria created too much void within concrete matrix, however, most 
bacteria died and the precipitated CaCO3 cannot compensate the strength loss caused by the 
voids. 
Silicate minerals generated during hydration contributes most to the strength development. 
According to Ghost et al. [169], Shewanella species was noticed to produce silica-related 
enzyme which cause the formation of silicate. The protein was found to dissociate silica from 
silica-rich compounds and form new silica phases, which enhanced the bond between cement 
matrix and aggregates and thus improved the strength. 
Overall, the pores in concrete matrix can be filled by the biogenic precipitation. Ghost et al 
[169] confirmed that the added bacteria did modify the pore size distribution.  
In the terms of the distribution of healing productions, Qian et al. [232] indicated that less 
calcium carbonate was precipitated with the increase of crack depth, and the calcium carbonate 
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precipitates were only found when crack depth was shallower than 10 mm. Wang et al. [222] 
noticed the similar results by using X-ray µCT to detect the distribution of healing precipitates, 
and the healing productions were mostly distributed in the 0-0.5 mm deep layer. 
Qian et al.[190] stated that the healing production were firstly formed along the width direction, 
until the two surfaces of crack were connected. Then the calcium carbonate was continuously 
accumulated along the longitudinal direction, until crack on the specimen surface was filled. 
Along the direction of depth, calcium was only deposited on the surface of fracture direction. 
Possible reason for that was the hypoxia in the deep crack made the bacteria hardly survive and 
grow. 
Mortensen et al. [233] suggested that to achieve uniform cementation, the rate of calcium 
carbonate precipitation should be controlled. Higher rate of precipitation caused the localized 
cementation around the bio-agents, which may lead to the plugging of flow path of bio-agents. 
While slower rate allows more distant delivery of bio-agents and chemicals along flow path. 
3.7.4 Healing products 
The morphological characterization of calcite was found to be different during aeration-
controlled fermentations, while at lower pH (up to 10), vaterite was mainly produced, and 
vaterite was transferred to calcite at the pH between 10 and 12. Vaterite is a metastable 
polymorph of calcium carbonate with a hexagonal stricture [135]. And Seifan et al. [173] found 
that the morphology of precipitated calcium carbonated had not been influenced by neither 
yeast extract nor urea, the only affecting parameter was the genera of bacteria (cell surface 
properties). Moreover, vaterite was the main product when bacteria utilized some different 
calcium sources, like calcium chloride. 
Xu and Yao [192] studied the differences in carbonation products using calcium glutamate and 
calcium lactate as the precursor (calcium resource). They found that the carbonation products 
from calcium glutamate were thicker and denser than that from calcium lactate in the transition 
area. 
Because of the various of saturation extent and diversity of mineralization, calcium carbonate 
shows three different anhydrous forms, calcite, vaterite and aragonite. The physical properties 
of these three forms are different. Aragonite and calcite are mostly formed in nature and 
thermodynamically stable polymorph. On the contrary, vaterite is formed less in nature as has 
less thermodynamically stable structure [234]. The differences of stability are caused by the 
extended solid-state structure assembling calcium and carbonate ions [235]. Vaterite can be 
transferred to aragonite quickly at a relatively high temperature when it is subjected to water. 
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Where at a lower temperature, the transformation to calcite occurs [33,236]. Gower [237] 
indicated that the precipitation productions ultimately transform to more thermodynamic, stable 
and lower energy polymorph. Calcite is confirmed to be the less soluble and more stable 
polymorph of calcium carbonate, which implies that calcite is the ultimate form of precipitates 
as aragonite and other biologically produced products are transformed to calcite over time. 
 
3.8 Summary 
This review considered different bacterial species related to MICP; the amounts of bio-agents 
used in the past studies terms of BBSHC; delivery system used based on the bio-agents; the 
effect of bacteria-based self-healing agents on the properties of cementitious materials; and 
optimal environmental conditions for the bacterial activities. Based on the review, it is clear 
that the following aspects are important to the development of BBSHC: 
1. Amounts of bio-agents, including bacteria and growth media, are significantly 
related to the self-healing efficiency. Generally, with the increase of the amount of 
bio-agents, healing efficiency increased as well. But some studies revealed the 
possible limitation of the amount of calcium source and yeast extract to maximumly 
promote the efficiency of MICP. However, the relationship between the amount of 
each bio-agents, including bacteria, calcium source, and yeast extract, was barely 
investigated in previous studies, the relationship may need more study to further 
optimize the MICP efficiency. 
2. Bio-agents are required to be protected prior to the embedment in concrete matrix, 
but some effects should be considered, e.g., the influence on the properties of 
concrete, the compatibility with concrete matrix, the feasibility of immobilization, 
cost etc. Although there were various encapsulation methods used in previous 
studies, all encapsulation materials showed some drawbacks, considering the 
feasibility, cost, strength etc., lightweight aggregate is still one of the most 
appropriate material for protecting bio-agents. 
3. Previous studies show that different calcium source may lead to different 
morphologies of precipitated calcium source. In addition, as previous study stated, 
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the calcium source also influenced the MICP efficiency to some extent. Therefore, 
in this case, investigating different calcium source may be a promising method to 
further improve the healing.  
4. According to the investigations on healing environment of BBSHM, water, rather 
than humidity, was essential to trigger healing. Moreover, the wet-dry cycle healing 
regime was shown to be the most appropriate healing condition. Bacteria were 
evidenced to consume a considerable amount of oxygen during healing, in addition, 
the ORCs were confirmed to promote healing to some extent. In this case, it is 
essential to further determine the possible relationship between oxygen and water 
to promote healing in BBSHM. 
This research work presented in this thesis investigated some current challenges related to the 
previous mentioned issues, some answers may be given contributing to the understanding of 
bacteria-based self-healing cementitious composites.   
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4 Chapter 4 Methodology 
4.1 Introduction 
The materials used in this thesis are described in this chapter. Details of bacterial strain are 
given in this chapter, and mixing proportions of mortar specimens, casting methods, demoulded 
and curing of specimens are described. In second part of this chapter, description of methods 
evaluating properties of mortar specimens, including setting time, hydration kinetic of paste 
and mortar samples, and flexure strength is demonstrated. In addition, water permeability 
coefficient of BBSHC was obtained via different testing methods, including Initial Surface 
Absorption Test (ISAT), water absorption test, and water flow test. To determine the healing 
process and qualitatively assess healing products, visualization was applied, such as optical 
microscopy, SEM and EDX. Some biological tests were conducted to better understand the 
microbial process, bacterial growth, pH changes and amount of precipitation were obtained 
during certain elapsed time. 
 
4.2 Materials – bacterial strains, lightweight aggregate, and mortar’s 
preparation 
4.2.1 Preparation of bacterial spores and growth media 
Through the research the bacteria used was the alkaliphilic species Bacillus cohnii DSM 6307 
obtained from the German Collection of Microorganisms and Cell Culture (DSMZ), 
Braunschweig, Germany. As an non-ureolytic bacteria, Bacillus cohnii shows the advantages 
of easy sporulation [171], environmentally friendly of  no production of ammonia. Spores were 
stored in 50% (v/v) glycerol at -80°C. To routinely culture B. cohnii, Lysogeny Broth (LB) was 
mixed with alkaline solution (10% v/v) which contained 100 ml/l Na-sesquicarbonate (42 g/l 
NaHCO3 and 53 g/l Na2CO3 anhydrous) to adjust to pH 9.5. 
Bacterial spores were grown in sporulation medium and harvested after 48 hours by 
centrifugation at 3800 × g for 10 minutes, and the spore pellet was washed three times with 
chilled 10 mmol/l Tris-HCl buffer pH 9. Chlorohexidine digluconate (0.3 mg/ml) was applied 
afterwards to kill vegetative cells followed by a further three washes with the same Tris-HCl 
buffer. 
The growth media (GM) used in this study was comprised of calcium acetate or calcium nitrate 
and yeast extract. The calcium acetate (calcium acetate hydrated, 99.9%), calcium nitrate 
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(calcium nitrate hydrated, 99.9%) and yeast extract were supplied by Sigma-Aldrich 
Corporation. The GM were either adding directly into mortar matrix or encapsulated in perlite 
or lightweight aerated concrete granules (ACG), each chapter will give the details on the 
encapsulation method used. 
4.2.2 Standards refer to physical properties of perlite and aerated concrete granule 
(ACG) 
Based on the work done by Alazhari et al. [120], perlite particles containing two-components 
healing agents significantly increased the functionality and durability of bacteria and self-
healing agents. As a continued study from Alazhari’s work, in this research, perlite was early 
tried as the carrier for bio-agents. Later ACG was tested as an alternative carrier to potentially 
improve the mechanical property of BBSHM, considering that ACG has higher density, as 
given in section 4.4. 
Some properties/characteristics of the aggregate may influence the properties of cement mortar 
matrix as follow: 
1. Unit weight according to EN 1097-3[398] is the required weight of aggregate to fill a 
specific volume of container. 
2. Apparent density (ƿd) is the ratio between apparent volume and dry specimen mass. 
3. Particle size according to BS EN 933- Part-1[399] is the sieve analysis of dividing 
material into fragment size by sieving particles with reducing size of slots. 
4. Water absorption coefficient according to EN 1097-6[400] is the ratio between water-
saturated but surface dried mass of aggregate and very dried mass of aggregate in this 
study. 
4.2.3 Preparation of encapsulated carrier granules 
Soaking encapsulation and double-layers coating 
In the first stage experiment (chapter 5), perlite was used as the carrier for bio-agents. 
According to Alazhari [1], perlite could be successfully used in BBSHM as a carrier to Bacillus 
pseudofirmus. Therefore, in this research, as a continuous work, same materials were initially 
used as what Alazhari has used. The encapsulation of bacterial spores and GM (yeast extract 
and calcium acetate) was carried out individually by soaking at atmospheric pressure and room 
temperature. Following the encapsulation, to prevent leaching of bacterial spores or GM, perlite 
was coated with a dual layer of cement and sodium silicate. The first coating layer consisted of 
sodium silicate being initially applied by soaking encapsulated perlite under sodium silicate 
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solution until it was completely wet. Wet perlite was dried at 20°C for 24 hours to obtain the 
surface dry, then the dried perlite was coated by second layer of sodium silicate, and dry cement 
was subsequently applied on wet perlite surface to form cement layer coating. The coated perlite 
was placed for curing in water for 48 hours (Figure 4-1).  
The final concentration of bacteria was approximately 8.2 × 108 spores/g coated perlite with 
bacterial spores (DL-PBS (double-layered perlite with bacterial spores)), and concentration of 
calcium acetate and yeast extract was 0.06 g/g and 0.005 g/g coated perlite with growth media 
(DL-PGM (double-layered perlite with growth media)) respectively. The mass of coating was 
almost 70% of total mass of coated perlite. 
 
Figure 4-1 Left: perlite impregnated bacteria (DL-PBS), right: perlite impregnated GM (DL-
PGM) 
 
Vacuum encapsulation and PVA coating 
Later-stage experiment was carried out by using both perlite and aerated concrete granules 
(ACG) as carrier for bio-agents. As an alternative carrier material, ACG was chosen due to its 
relatively higher strength than perlite, aiming to compensate the potential strength loss caused 
by perlite. Both the bacterial spores and growth media were encapsulated in perlite or ACG 
under vacuum. The procedures were done independently to create perlite/ACG containing 
spores and ACG containing GM. 
The method for vacuum impregnation was based on that described by Alghamri et al [73]. A 
vacuum chamber with two-entry valves was set up as shown in Figure 4-2. One valve was 
connected to a reservoir containing a suspension of spores or a solution of GM, whilst the 
second valve was connected to the vacuum channel at 0.8 bar.  
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The amount of distilled water within the suspension or solution equaled the total water 
absorption capacity of perlite/ACG ensuring that the perlite/ACG were entirely saturated after 
encapsulation. 
 
Figure 4-2 Vacuum encapsulation set-up, (a) in-site, (b) schematic 
 
Encapsulation process 
After the encapsulation process, the perlite/ACG were placed in an environmental chamber at 
50% relative humidity and 20°C for 24 hours to obtain a dry surface. Following this the ACG 
were coated with PVA (Polyvinyl Acetate), supplied by BOSTIK Ltd, to provide a waterproof 
protective layer. To achieve an even distribution of coating on the perlite/ACG, a Kenwood 
Major Titanium Mixer with a K-Blade was utilized (Figure 4-3). Mixing proceeded until PVA 
was slightly dried on the surface of perlite/ACG in case of any adhesive between particles. 
Thereafter, the coated perlite/ACG containing spores (PBS/ACGS) and coated granules 
containing GM (PGM/ACGM) were stored in air-tight plastic bags until used in mortar mixes. 
The mass of the coating for PBS/ACGS and PGM/ACGM was approximately 50% of the 
overall mass of the coated perlite/ACG. Different dose of bacterial spores and GM were used 
in the experiment. Details of mortar dimension, LWA, coating, and testing methods of each 




(a)                                                             (b) 
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Table 4-1 Details of mortar dimension, LWA, coating, and testing methods in each chapter 
Chapter Mortar dimensions 
(mm) 
LWA Coating Test methods 
Chapter 5 40×40×160 Perlite DL FS, OP, IC, CWA, SEM 
 40×40×65 Perlite PVA FS, OP, IC, WF, SEM 
Chapter 6 40×40×65 ACG PVA FS, OP, IC, WF, SEM, 
CT 
Chapter 7 40×40×65 ACG PVA FS, OP, IC, WF, TGA, 
XRD, SEM, EDX, CT 
Chapter 8 40×40×65 ACG PVA FS, OP, IC, WF, SEM, 
EDX 
Chapter 9 40×40×65 ACG PVA, ORC FS, OP, IC, WF, SEM 
Note: LWA is the used lightweight aggregate, ACG is aerated concrete granule, DL is the double layer coating 
consists of cement powder and sodium silicate, PVA is polyvinyl acetate, ORC is the oxygen-releasing coating, FS 
is flexural strength obtained via three-point bending test, OP is optical microscope, IC is isothermal calorimetry test, 
CWA is the capillary water absorption test, WF is the water flow test. 
 
4.2.4 Preparation of test mortar specimens 
A series of mortar mixes were produced using Portland fly ash cement (CEM II/B-V, 32R), 
standard sand (BS EN 196-1), tap water and bacterial based materials, including encapsulated 
lightweight aggregate and bio-agents etc. All mortar specimens were cast with water to cement 
ratio of 0.5 conforming to BS EN 196-1. Two sizes of specimens, 40×40×160 mm and 
40×40×65 mm, were made, details will be given in each experimental chapter. Carbon fiber 
wrapping was glued on specimens to prevent complete rupture of specimens as given in Figure 




Figure 4-3 Left: PVA coating process of ACG; right: PVA coated ACG 
 
4.2.5 Casting mortar specimens 
Specimens were cast in accordance with BS EN 196-1, the cement was firstly mixed with water 
in a CONTROLS 65-L0006/AM AUTOMIX mixer for 30 seconds at low speed, then the 
standard sand was added steadily into the cement paste with the mixing continuously processed 
for the next 60 seconds. The mixer was stopped for 90 seconds then, while first 30 seconds was 
used to manually scrape mix adhering to walls of mixer bowl to the centre, then the mix was 
stood for another 60 seconds. The mixing was further processed at high speed in next 60 
seconds afterwards. The fresh mortar was poured into mould immediately after mixing and 
compacted by a vibration table for 60 seconds to remove trapped air in the mortar, then flat 
surface of mortar specimen was achieved by a spatula.  
For standard size samples (40×40×160 mm), mixing cement mortar was directly poured into 
the standard mould, and waiting for curing and demoulding. For smaller size mortar of 
40×40×65 mm, a wood block sizing of 40×40×30 mm was placed in the middle of the standard 
mould to make the smaller size mould. Furthermore, smaller size sample were cast by two 
individual layers, where first layer was poured about 2 hours prior to the later layer, the details 
will be given in the following chapter. 
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4.2.6 Demoulding and curing 
Specimens were cured at 20°C ± 2°C for 24 hours at a relative humidity of 95%. Then 
specimens were demoulded and placed under water at 20°C for another 27 days until testing at 
an age of 28 days. 
 
4.3 Test procedures 
In this study, setting time, hydration kinetics and flexural strength of mortar specimens were 
investigated, and physical properties of perlite and aerated concrete granules also obtained. 
4.3.1 Setting time 
During the cement hydration, at about 3 to 24 hours, rapid formation of CSH gel and CH 
hexagonal platelets takes place, and fibrils cover cement grains forming rosettes or spherulites. 
The development of CSH gel between cement grains cause the initial setting of the cement 
paste. Therefore, the setting time reflects the hydration degree and consistence of cement. 
Automatic Vicat needle teste was carried out in accordance with BS EN 196-3:2005. Mixing 
proportions used will be given in each chapter. To determine the potential effect of adding 
dissimilar amount of growth media (calcium source and yeast extract) on mortar matrix, setting 
time was measured via the automatic Vicat needle apparatus shown in Figure 4-4. 
 
 
Figure 4-4 Automatic Vicat needle apparatus 
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4.3.2 Isothermal conduction calorimetry 
During the cement hydration, the four main cement compositions, alite (C3S), belite (C2S), C3A 
and C4AF, show different hydration process and rate. According to [238], alite firstly hydrates 
to calcium hydroxide (CH) and CSH gel minutes after mixing with water, then alite 
continuously hydrates to another CSH gel at approximately 3 hours. Belite has much slower 
hydration process than alite and takes days, and perhaps even years to complete. The main 
hydration product is CSH gel (with little CH). In the presence of gypsum, C3A quickly reacts 
to form ettringite at the beginning of hydration, evolving a large amount of heat, then the 
ettringite becomes unstable and converts to a monosulfoaluminate hydrate 
(monosulfoaluminate), producing rising amounts of heat, at around 20 hours. C4AF behaviours 
in a manner similar to C3A hydrating rapidly with gypsum and forming a crystalline material. 
Therefore, by recording the heat evolution, the cement hydration process can be evaluated.  
A Calmetrix I-Cal 4000 isothermal conduction calorimeter (Figure 4-5), was used to evaluate 
the heat producing rate and cumulative evolved heat during cement hydration process so that 
analysing the cement hydration kinetics over time. Both cement pastes and mortar samples (as 
appropriate) tested at 20 °C for a minimum 72 hours.  
 
4.3.3 Crack creation and flexural strength obtainment 
After water curing, specimens were dried at room temperature (approximately 15 to 20°C) for 
24 hours. The top third of the prims were wrapped with carbon fiber reinforced polymer (CFRP) 
Figure 4-5 Isothermal calorimeter, left: in-site, right: schematic (Helmenstine, 2020). 
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strips to enable a controlled width crack to be generated. CFRP was cut to size of approximately 
12 mm deep and wrapped the bottom of mortar using Tyfo®S glue. 
A notch of approximately 1.5 mm depth was sawn at mid-span to serve as an initiation point to 
cracking (Figure 4-6). Specimens were subjected to cracking using three-point bending using a 
30 kN Instron static testing frame over a span of 60 mm with the load applied at the center point 
(Figure 4-7(a)). Load was applied to the specimens and crack opening was measured using a 
crack mouth opening displacement (CMOD) gauge. Load was applied to maintain a crack 
growth of 20 µm per minute. Loading was stopped when the crack width could be expected to 
be approximately 500 µm wide on removal of the load (which varied depending on the strength 
of the mortars). Selected parts of the crack were marked with a permanent marker pen (Figure 
4-7(b)) to facilitate the monitoring of crack healing using an optical microscope. 
The flexural strength was obtained via crack creation procedures and adapted from BS EN 196-
1:2005[395] derived from the Eq.4-1, where R is the flexural strength (fct,fl). P is the maximum 
total load on beam (N), L is the span of the beam (mm), b is the cross-section width of the beam 
(mm), and d is the cross-section depth (mm). Flexural strength was measured only to compare 





                                                                                                                         Eq.4-1 
 





4.4 Properties/characteristics of LWA (perlite and aerated concrete 
granules) 
As the replaced aggregate in BBSHC, properties/characteristics perlite and aerated concrete 
granules influence the properties of BBSHC significantly. 
4.4.1 Physical properties of uncoated and coated perlite 
Perlite is a siliceous volcanic rock combining 2 to 6% of water. When the raw stone is ground 
and brunt above 871 °C, water evaporates, and the perlite expands to 4 to twenty times its 
original volume. The expansion results in lightweight and excellent thermal conductivity 
properties of perlite [239]. The physical properties of uncoated perlite tested according to BS 
EN 1097[366] are given in Table 4-2. 
Distribution of particle size of uncoated perlite was tested by sieving according to BS 
EN933[399]. Amount of 100g perlite was sieved by a group nested sieve, then the sieved were 
shaken by mechanical means for 10 minutes, the mass of retained perlite on each sieve is shown 




(a)                                                            (b) 
Figure 4-7 Creation of cracks in hardened mortar, (a) three-point bending set-up, (b) marked crack 
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Table 4-2 Physical properties of uncoated perlite 
Properties Values Testing methods (standards) 
Loose bulk density 110 kg/m3 BS EN 1097-3:1998 
Apparent density 292 kg/m3 BS EN 1097-6:2000 
Water absorption coefficient 145% BS EN 1097-6:2013 
 











4.00 11.52 11.53 11.52 88.48 
2.00 49.64 49.65 61.17 38.83 
1.00 27.36 27.38 88.55 11.45 
Pan 32.8    
Total 100.00    
 
Two types of coating were used on perlite, one is double-layers coating consisted of a layer of 
sodium silicate and a layer of Portland fly ash cement, and another is PVA (polyvinyl acetate) 
coating. According to Alazhari [119], double-layers (DL) coating can be successfully used to 
prevent leakage of bio-agents, since sodium silicate and Portland fly ash created the strongest 
shell compared to other coating material the author used.  
For double-layers coated perlite, based on the density results, the mass of coating was estimated 
80% of coated perlite, the loose bulk density, apparent density and water absorption coefficient 
are given in Table 4-4. The double-layers coated perlite particle size distribution was tested 
according to BS EN933[399], the test was following the same procedures with previous 
uncoated perlite, and the details are given in Table 4-5.  
For PVA-coated perlite, the mass of coating was estimated 50% of the total mass of coated 
perlite. The physical properties of PVA-coated perlite are shown in Table 4-4 as well. Differ to 
double-layers coating, PVA coating was estimated to have minor influence on the volume of 
perlite, however, only perlite with particle size between 1-4 mm was selected in this study, the 





Table 4-4 Physical properties of double layer-coated (DL) and PVA-coated perlite 






Loose bulk density 476 kg/m3 220 kg/m3 BS EN 1097-3:1998 
Apparent density 1050 kg/m3 580 kg/m3 BS EN 1097-6:2000 
Water absorption 
coefficient 
15.7% 11.2% BS EN 1097-6:2013` 
 











4.00 17.87 17.87 17.87 82.13 
2.00 81.23 81.24 99.11 0.89 
1.00 0.52 0.53 99.64 0.36 
Pan 0.20    
Total 100.00    
 











2.00 64.47 64.47 64.47 35.53 
1.00 35.53 35.53 100.00 0.00 
Pan 0.00    
Total 100.00    
 
4.4.2 Physical properties of uncoated and coated aerated concrete granules (ACG) 
Aerated concrete is an inorganic porous material consists of cement, lime, fly ash and gas 
former (aluminium powder) as foaming agent [240]. By adding foaming agent to the mixture 
of cement, siliceous-based fine aggregate, water and other potential constituents, e.g. fly ash, 
hydrogen gas is produced as the consequence of reaction between foaming agent and lime in 
cement, thereby forming a porous and lightweight material [241]. Therefore, ACG is formed 
by smashing aerated concrete into various size of granules. 
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ACG obtained from Cellumat SA Belgium were used as the porous media for immobilization 
of the spores, and as a carrier for calcium nitrate and yeast extract in selected mixes. The particle 
size distribution of the ACG was conformed to a 1/4 mm aggregate as defined in BS EN 12620. 
Physical properties of uncoated ACG is given in Table 4-7, and sieve analysis results obtaining 
by the same sieving procedures as perlite is shown in Table 4-8. 
Table 4-7 Physical properties of uncoated ACG 
Properties Values Testing methods (standards) 
Loose bulk density 354 kg/m3 BS EN 1097-3:1998 
Apparent density 548 kg/m3 BS EN 1097-6:2000 
Water absorption coefficient 120% BS EN 1097-6:2013` 
 











4.00 46.74 46.77 46.77 53.23 
2.00 23.64 23.67 70.44 29.56 
1.00 22.14 22.2 92.64 7.36 
Pan 7.48    
Total 100.00    
 
PVA coating is assumed to have no influence to the density of ACG, so that the sieve analysis 
results are given as the same with uncoated ACG, however, only 1-4 mm particle size ACG 
was selected as the carrier for bio-agents, the size distribution results are shown in Table 4-9. 











4.00 46.74 46.77 46.77 53.23 
2.00 23.64 23.67 70.44 29.56 
1.00 22.14 22.2 92.64 7.36 
Pan 7.48    




4.5 Quantitative evaluation of self-healing efficiency 
4.5.1 Capillary water absorption test 
Water permeability test is a commonly used, non-destructive and convenient testing method in 
laboratory to evaluate the resistance of concrete [128,129]. A capillary water absorption test 
being used in this study assesses the resistance of capillary absorption being modified based on 
EN 13057:2002[402]. A number of studies have revealed the significantly reduced capillary 
water absorption coefficient [189,191,192,201]. The testing specimens were oven dried at 50 ± 
2°C for 7 days until the weight of each specimens was constantly stable. Then the specimens 
were kept at 20 ± 2°C, 60 ± 10% RH for another 24 hours before starting of the test. 
Procedures 
• Prior to the starting of the test, all specimens were partially covered by a waterproof 
coating of, aluminium adhesive waterproof tape used in this study, at four sides 
adjacent to the bottom side where the crack occurred. The bottom side was partially 
cover, only allowing a 20 × 40 mm area around the crack to be exposed. (Table 4-7 
(a)). 
• The specimen, including coating, was weighted before the test started referring as (W1). 
• Specimens were immersed into the tap water with depth of 5 ± 2 mm above the bottom 
side which was facing downwards (Table 4-7 (b)). 
• During the test, the apparatus was covered by a plastic tank to prevent any evaporation 
of water. The test was carried out at 25 ± 2 °C, 65 ± 5 % RH. 
• Specimens were taken out dry then weighted after starting of the test for a period of 6 
hours frequently (after 10 minutes, 20 minutes, 1 hour, 2 hours, 4 hours, and 6 hours). 
• The collected data was used to assess the water absorption capacity of specimen by 
plotting the relation between water uptake and the square root of time. Eq.4-2 calculates 
the sorption coefficient (SC) that derived from Hall (1989): 
 
[ = \ + ]SG
#
! − _G                                                                                                             Eq.4-2 
Where: 
i: the water uptake in grams. 
A and B: constant values. 
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t: time in hours. 
SC the sorption coefficient in gh-1/2. 
 
Figure 4-8 Part of the bottom surface was coated with waterproof resin; (b) Specimens during 
capillary water absorption test 
 
4.5.2 Water flow test 
A water flow test was adapted in this study to better assess the recovery of water permeability 
of specimens by the mean of non-destructive test. The water flow test based on RILEM Test 
Method 11.4 (1978). aimed to determine the water movement through mortar sample as an 
indication of how effectively the healing mitigates migration of aggressive substances through 
the crack surface. The tested specimens were oven dried first at 50 ± 2°C for maximum 7 days 
to gain a constant weight, then the specimens were kept at 20 ± 2°C, 60 ±10% RH for 24 hours 
before start of the test. The apparatus of the test is shown in Figure 4-9. 
Procedures 
• A purpose-made cylinder was adhered on the top surface of specimens where crack 
occurred by hot glue. 
• Measure the height from the top/bottom line shown on the pipette to the top surface of 
specimen referring to h1/h2. 
• Water was slowly poured into the cylinder until it reached the top line shown on the 
pipette with timer started on simultaneously. 
• Stop timer when water in the pipette dropped to the bottom line and wrote down the 
time referring to t. 
(a)                                                                (b) 
96 
 









b                                                                                                                      Eq.4-3 
 
Where: 
K: the water flow coefficient in cm/s. 
a: cross-sectional area of the pipette in cm2. 
L: thickness of the specimen in cm. 
A: cross-sectional area of specimen which equals to the cross-sectional area of acrylic plate in 
cm2. 
t: time in second. 
h1: the initial water head in cm. 











	× 100%                                                                                                           Eq.4-4 
 
Where: 
P0: water flow coefficient of post-cracked specimen. 
P1: water flow coefficient of post-healed specimen. 
 
(a)                                                                 (b) 
Figure 4-9 Water flow test, (a) in-site set-up, (b) schematic image 
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4.6 Evaluation of self-healing efficiency 
4.6.1 Optical microscope and crack width 
Optical microscope is a routinely used technical method to observe small objects. By using 
visible light and a system of lenses, optical microscope is able to magnify small objects down 
to magnification of 50 times and crystal structures on the surface of samples. In this study, a 
Leica M205C light microscope is used, images were captured automatically by a camera set on 
the top. Samples were wiped by a cloth to eliminate the influence of water on the observation, 
and then subjected to the optical microscope. 
The crack width was recorded as millimeter, and the healing ratio of crack width was measured 





× 100%                                                                                                        Eq. 4-5 
 
Where W0 was the initial crack width measured immediately after crack, and W1 is the final 
crack width at 84 days of healing. 
4.6.2 SEM analysis 
Scanning electron microscopy (SEM) is a typical observation method to obtain images of a 
specimen by scanning the surface with a focused beam of electrons. Specimens in this study 
were analyzed by the scanning electron microscopy (SEM; JSM 6480LV, JEOL, Welwyn, UK). 
The basic principal of SEM is that the electron beam focus on the sample and interacts with the 
atoms, producing signals containing information about the topography, morphology (micro size 
and shape of the object), compositions (element compounds and related amounts in the object), 
and crystallographic data (the structural atoms of the object) [244]. Various types of signals are 
produced by a SEM, including secondary electrons (SE), back-scattered electrons (BSE), 
characteristic X-rays, light cathodoluminescence (CL), and transmitted electrons.  
Procedures 
• Specimens were oven dried at 50 ± 2°C for maximum 7 days to gain a constant mass. 
• Dried samples were kept in a vacuum chamber for 72 hours. 
99 
 
• For these small-volume samples, e.g., granules or powder, as the sample was 
electrically non-conductive, a thin conductive material layer, such as gold in this study, 
was required on the surface of the sample to overcome the charging problem. 
• Fixed the sample on the stage of SEM scanner and sealed it in the chamber. The 
electron gun produced a fine probe of electrons under either high vacuum for small 
specimen, or low vacuum for large sample such as whole mortar sample. During the 
SEM, the beam irradiated the sample and was affected consequently by the interaction 
with the sample, where the effects were analyzed and transformed into images and 
other information. 
4.6.3 EDX analysis 
Energy-dispersive X-ray spectroscopy (EDX) is the analytical technique used to detect the 
elemental and chemical characteristics on samples. Similar to SEM, EDX relies on the 
interaction between source of X-ray excitation and the sample. In the EDX, each element owns 
a unique on its electromagnetic emission spectrum. During the test, the charged particle 
produced by the high-energy beam interacted with the sample’s surface, the number and energy 
of the X-rays emitted from the sample due to the interaction reflected the unique peaks of 
elements and further gave the elemental composition of the specimen. 
In this study, EDX was conducted parallel to the SEM, and spectrum, map and line elementary 
analysis were used to detect elementary distribution. 
4.6.4 XRD analysis 
X-ray powder diffraction (XRD) is an analytical technique used for the phase identification of 
crystalline materials. XRD is based on the constructive interference of monochromatic X-rays 
and crystalline sample. A cathode tube generates X-rays, after being filtered to monochromatic 
radiation, these X-rays are directed toward the sample. Interactions between the incident rays 
and the sample’s surface generate constructive inference, also a diffracted ray, by collecting 
and analyzing the diffracted rays, the minerals on the sample can be identified as each mineral 
has a unique diffraction peak. 
The test was carried out using a Bruker D8 Discover instrument, with Cu Kα radiation and a 
nickel filter. The test was proceeded with a step size of 0.02° and a counting time of 0.5 s/step, 




• Samples were ground to fine powder and oven dried at 50 ± 2°C for maximum 3 days 
to gain a constant mass. 
• Sample powder was gently placed within two plastic film pieces which was clamped 
by a small round metal clip. 
• The metal clip with sample in was put in the XRD instrument, test was carried out by 
20 minutes with a step size of 0.02° and a counting time of0.5 s/step, from 5° to 70°. 
• Data was collected and curve was drawn with peaks corresponding to minerals. 
4.6.5 TGA 
Thermogravimetric analysis (TGA) is an analytic method to evaluate the mass of sample over 
time with the temperature changes. Thermogravimetric kinetics of tested material obtained 
from TGA can be explored for the reaction mechanism of thermal decomposition terms of 
cementitious materials in this study. In some cases, besides cement paste sample powder, some 
cement mortar samples have been grounded into powder and tested.  
Procedures 
• Samples were ground into very fine powder, then the samples were oven dried for the 
maximum 3 days at 50 ± 2°C. 
• 35 mg of each sample and gently was placed into the small container hanging in the 
TGA instrument. 
• The test was carried out from 30 °C to 1000 °C at a heating rate of 10 °C/minute, under 
nitrogen flowing at 60 mL/ minute. 
4.6.6 FTIR analysis 
FTIR is a technical method to obtain an infrared spectrum of absorption or emission of a solid, 
liquid or gas. FTIR analysis relies on measuring how much light shining by a monochromatic 
light beam the sample absorbs at each wavelength. By analysing the collected data, the program 
can convert the raw data to actual spectrum. In this study, FTIR was used to detect the chemical 
bonding of organic and inorganic structures.  
Procedures 
• Samples were ground and oven dried for the maximum 3 days at 50 ± 2°C to insure a 
constant mass reached. 
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• Powdered sample was mounted onto the diamond ATR crystal, and spectra were taken 
in the transmission mode from 2000 to 600 cm−1 at a resolution of 1 cm−1. 
• For each sample, 40 accumulated scans were applied for accuracy and noise reduction. 
• Data was collected automatically by the software and converted to curve results. 
The apparatus used in this study is a PerkinElmer Frontier NIR/IR FTIR spectrometer with a 
Pike Technology Miracle ATR sampling accessory. Each spectrum was the average of sixteen 
scans using a spectral resolution of 2 cm-2. The IR spectra were recorded and stored with 
software PerkinElmer Spectrum (ver 10.03.09). Spectra were matched with a reference 
spectrum of calcite from the RRUFF database. 
4.6.7 CT scan analysis 
Computerized tomography (CT) scan is achieved by combining X-ray image taken from 
various angels around the sample and using computer processing to create cross-sectional 
images of the sample. CT scan is a non-destructive testing method allows user to observe the 
inner structure of samples without damage to the sample. Digital geometry processing can 
further generate a three-dimensional model of the inside of the sample, and possibly 
determining the density distribution within the sample. Samples were dried firstly and then 
placed in the CT scan chamber allowing the X-ray to scan, the outcoming resolution was 
approximately 0.1 mm.  
Procedures 
• Samples were ground and oven dried for the maximum 3 days at 50 ± 2°C to insure a 
constant mass reached. 
• Dried samples were placed in the CT chamber with dual-focus 420-kV continuous x-
ray sources and a digital detector. 
• The sample was scanned via three dimensions, and data was automatically collected 





5 Chapter 5 Utilization of perlite as carrier for bio-agents 
5.1 Introduction 
Since Ramakrishnan et al. [245] firstly proposed the novel technique for sealing the crack by 
calcite precipitation induced by bacteria, microorganism have been widely used in the self-
healing concrete field in recent years.  
Various attempts on using lightweight aggregate as carrier in self-healing concrete have been 
carried out [73,141,246,247] Among these studies, perlite was studied as one of the potential 
carrier in the terms of encapsulating bacteria [120,246] Perlite is a naturally formed and porous 
material which is commonly used as aggregate in construction, the porous and lightweight 
characteristics make perlite ideal material to encapsulate and protect bio-agents from the harsh 
environment inside the BBSHC. 
The study in this chapter presents the investigation on perlite as carrier for bio-agents with two 
different coating materials including i) double-layers coating, and ii) PVA coating. Double-
layers coating consisted of dual layers of mixture of cement powder and sodium silicate. PVA 
coating used polyvinyl acetate as the coating material. 
In this study, two stages of experiments were carried out, as first one used double-layers coated 
perlite and second one used PVA coated perlite. Bio-agents were bacterial spores (Bacillus 
Cohnii), calcium acetate, and yeast extract. Various amounts of bio-agents were used in each 
stage. Some findings were obtained in terms of, i) feasibility of the two coatings, ii) effect of 
different amounts of bio-agents on the healing efficiency. 
 
5.2 Experimental programme 
5.2.1 Mixing proportions 
Two-stages experiment was conducted in this study regarding to different coating method, with 
double-layers coating used firstly, followed by the PVA coating. In the first stage test applying 
double-layers coating, encapsulation were carried out by soaking, the final bacterial spores’ 
concentration was approximately 8.2 × 108 spores/g coated perlite with bacteria (DL-PBS), and 
concentration of calcium acetate and yeast extract was 0.06 g/g and 0.005 g/g coated perlite 
(DL-PGM) respectively. In the second stage experiment using PVA coating, to investigate the 
effect of bio-agents’ amounts on the self-healing performance, various concentration was tested 
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details will be given later, and the encapsulation was carried out under vacuum condition as 
shown in section 4.2.3.  
Stage one using double-layers (DL) coating 
For experiment using double-layers coating, the mixing proportion is given in Table 5-1. REF 
was the standard mortar mixing according to EN 196-1-ASTM C305, PL was the mixing with 
20% standard sand replaced by DL-PBS (double-layers coated perlite containing bacterial 
spores) and DL-PGM (double-layers coated perlite containing growth media) by volume, and 
the volume ratio of DL-PBS to DL-PGM was 3:7. As per the concentration of bacterial spores 
and GM, for per mix (triplicate mortar samples), PL contained approximately 2.5 × 1010 spores, 
3.6g calcium acetate, and 0.3g yeast extract. The PLBS and PLGM were mixes containing only 
either DL-PBS or DL-PGM respectively, and the mass of DL-PBS and DL-PGM kept the same 
with PL. PH was the mix with higher amount of bio-agents where the ratio of perlite was 40% 
of original standard sand by volume. The volume ratio of DL-PBS and DL-PGM were kept the 
same 3:7, so the bio-agents consequently doubled that of PL. PHBS and PHGM only contained 
either DL-PBS or DL-PGM as well. 
Table 5-1 Mixing proportions of specimens using DL-P 
Specimens Cement(g) Water(g) Standard sand(g) DL-PBS(g) DL-PGM(g) 
REF 450 225 1350 0 0 
PL 450 225 1078 30.25 60.45 
PLBS 450 225 1269 30.25 0 
PLGM 450 225 1161 0 60.45 
PH 450 225 810 60.25 120.7 
PHBS 450 225 1188 60.25 0 
PHGM 450 225 972 0 120.7 
Note: DL-PBS and DL-PGM were double-layers coated perlite containing bacterial spores and growth media 
respectively. DL-PBS contained about 70% (w/w%) of double-layered coating and 30% (w/w%) of plain perlite. 
Mortar PL had 20% (v/v%) of standard sand replaced by double-layers coated perlite, and PH had 40% (v/v%) sand 
replaced. The ratio between DL-PBS and DL-PGM was 3:7 by mass. PLBS, PLGM, PHBS, and PHGM contained 
either sole bacterial spores or growth media. 
 
Stage two using PVA coating 
In the second experiment, differ to DL-perlite used in the first experiment, PVA coated perlite 
was referring as PVA-Perlite. To save materials, smaller specimen size was designed with the 
dimension of 40 × 40 × 65 mm. The mixing proportions are given in Table 5-2. All mixed had 
20% standard sand replaced by PVA-Perlite by volume, and various amounts of bio-agents 
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(bacterial spores, yeast extract, and calcium acetate) were introduced. In mix PPVA5, 3.48g 
plain PVA-PGM could only encapsulate 2.66g calcium acetate as the maximum, therefor the 
excessive1.89g calcium acetate was added directly in the matrix. The reason that mortar using 
PVA-perlite could contain more growth media is that the PVA coating was much thinner than 
DL coating, therefore in the case of replacing certain volume of sand, PVA-perlite occupied 
more volume for ACG rather than the coating, and consequently more bio-agents could be 
embedded. 
Table 5-2 Mixing proportions of specimens using PVA-P 
Specimens Cement (g) Water (g) Standard sand(g) PVA-PBS(g) PVA-PGM(g) 
PPVA1 92 46 207 1.65 8.47 
PPVA2 92 46 207 1.65 8.88 
PPVA3 92 46 207 1.65 8.88 
PPVA4 92 46 207 1.65 9.88 
PPVA5 92 46 207 1.65 8.88 
Note: PVA-PBS and PVA-PGM were PVA coated perlite containing bacterial spores and growth media respectively. 
PVA-PBS in each mix contained 1.1g plain perlite, 0.55g PVA. PVA-PGM all mixes contained 3.48g plain perlite 
and 1.74g PVA. Detailed mass of growth media in each mix is given in Table 5-4. 
 
As the dimensions of mortars in stage one and stage two were different, to clearly compare the 
amounts of bio-agents in each stage, quantities of bacterial spores, calcium acetate, and yeast 
extract per 100g cement are given in Table 5-3. 














REF 100 50 300 0 0 0 
PL 100 50 239.5 0.5 0.06 0.8 
PLBS 100 50 282 0.5 0 0 
PLGM 100 50 258 0 0.06 0.8 
PH 100 50 180 1 0.12 1.6 
PHBS 100 50 264 1 0 0 
PHGM 100 50 216 0 0.12 1.6 
PPVA1 100 50 225 2.32 0.64 2.9 
PPVA2 100 50 225 2.32 1.1 2.9 
PPVA3 100 50 225 3.96 1.1 2.9 
105 
 
PPVA4 100 50 225 3.96 2.2 2.9 
PPVA5 100 50 225 3.96 1.1 3.8 
 
5.2.2 Healing regime 
All post-cracked specimens were placed in a wet-dry cycle healing regime with 16-hours wet 
phase and 8-hours dry phase. During the healing period, samples were subjected to complete 
water immersion and exposed to atmosphere alternately. The schematic image of the healing 
system is shown in Figure 5-1, where specimens were placed in the upper tank on a metal mesh.  
 
 
Figure 5-1 In-site photo of in-situ wet-dry cycle healing regime apparatus (left) and schematic 
images of the healing regime system (right). 
 
5.2.3 Testing methods 
For stage one, during the crack creation, flexural strengths were obtained to evaluate the 
potential influence of adding perlite on the strength of mortar sample. Crack width of each 
sample was recorded via the MCOD Gauge. Cement hydration kinetics were measured by the 
isothermal calorimetry test, mix REF, PL and PH were designed following the same mixing 
proportions as mortar samples. Heat production rate and cumulative produced heat were 
recorded to assess the cement hydration degree of each mix being added by various amounts of 
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types of carriers. During the healing period, optical microscopic images were taken at certain 
elapsed time - 0 days, 14 days, 28 days, 56 days and 84 days –after cracking to monitor the 
healing process and visually observe the precipitated healing products. To assess the recover in 
water-resistant property of the mortar sample, water absorption test was carried out at 28 days 
and 84 days.  
For stage one, samples were subjected to isothermal calorimetry test (section 4.3.2), capillary 
water absorption test (section 4.5.1) and visual observation (section 4.6), including optical 
microscope and SEM. While in the stage two, samples were tested by water flow test rather 
than water absorption test and visual observation. Prior to optical microscope as described in 
section 4.6.1, a sign was marked on crack to facilitate the observation. 
 
5.3 Results  
5.3.1 Stage one using double-layers (DL) coating results 
Flexural strength 
Flexural strength results of specimens, obtained according to EN 196-1 but with slower rate in 
stage one, are given in Figure 5-2. Samples showed overall similar values around 8.5 MPa. 
Highest value at 8.65 MPa was obtained on PLGM, following was REF at 8.64 MPa, PL had 
lowest value of 8.45 MPa. Some exterior factors may lead to the dissimilarity, e.g., slightly 
different sand particle distribution, different perlite size distribution, minor differences of the 
coating thickness between each mix. Overall, flexural strengths of all mortars did not reveal 
significant distinguishes. Therefore, the addition of DL-perlite was considered to have minor 
effect on the flexural strength of mortar sample. Possible explanation is that even the perlite 
showed low density and strength, the double-layers coating containing cement powder had high 
stiffness and thereby enhanced the overall strength. So that regardless of the amount of added 




Figure 5-2 Flexural strength of mortars using DL-perlite in stage one 
 
Crack width 
The crack width (mm) and healing ratio (RW) of samples in the stage one is given in Table 5-4, 
where the initial crack size was obtained immediately after cracking, and the final crack size 
was measured at 84 days after cracking via either optical microscope or SEM for micro-size 
cracks. The healing ratio (RW) was calculated by the Eq.4-5 at section 4.6.1. 
From the visual observation, crack size of each specimen was remarkably reduced except REF, 
as the capacity of autogenous healing was limited to 300 µm [15]. Highest healing ratio was 
found on PL, whereas PH with higher amounts of bio-agents presented significant lower healing 
ratio. Furthermore, PLBS and PLGM which contained higher amount of DL-perlite also 
showed higher healing ratio than PHBS and PHGM respectively.  
Based on the presented results, it is clear that the high content of DL-perlite could lead to the 
presence of large pores and voids in the matrix, and consequently generate over-porous 
structure of the matrix which may further reduce the strength. Due to the pores and voids, mixes 
with higher content of DL-perlite may have larger crack volume than mixes containing fewer 
amount of DL-perlite. On the other hand, calcite could be precipitated in the pores and voids 
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instead of cracks. Hence, samples containing higher amount of DL-perlite showed lower 
healing degree instead. 
 
Table 5-4 Crack size results of specimens in stage one 
Specimens Initial crack width (W0) Final crack width (W1) Healing ratio (RW) 
REF 0.42 ± 0.02 0.38 ± 0.02 9.5% ± 3% 
PL 0.43 ± 0.02 0.06 ± 0.01 86.0% ± 2% 
PLBS 0.43 ± 0.03 0.12 ± 0.01 72.1% ± 1% 
PLGM 0.39 ± 0.02 0.19 ± 0.02 51.3% ±2% 
PH 0.41 ± 0.02 0.18 ± 0.02 56.1% ± 2% 
PHBS 0.43 ± 0.03 0.22 ± 0.03 48.8% ± 3% 
PHGM 0.40 ± 0.03 0.21 ± 0.02 47.5% ± 2% 
Note: Initial crack width was measured at the same day of cracking after the elastic recovery via optical microscope. 
Final crack width was measured at 84 days of healing. 
 
Hydration kinetics 
Cement hydration kinetics were obtained via isothermal conduction calorimetry, and the results 
are given as curve in Figure 5-3 and Figure 5-4. The three samples shared similar peaking times 
at about 10 hours, suggesting the similar hydration rate between each mix. As yeast extract 
could significantly retard cement hydration, the DL-coating was believed to effectively 
prevented leakage of bio-agents. However, it is noticeable that the PH sample revealed highest 
cumulative produced heat, where PL only demonstrated slightly greater heat than REF. As per 
the content of DL-perlite in PL and PH, the difference may be due to the interaction between 
DL-perlite and the mortar matrix. The DL-coating mainly consisted of Ordinary Portland 
cement (ORC) particle, although some particles had been hydrated prior to the utilization in 
mortar sample, some unhydrated particle might be hydrated along with the hydration of cement 




Figure 5-3 Cement kinetics results in heat production rate of mortars using DL-perlite, REF 
stands for standard mortar mixing, PL was the mortar containing lower content of DL-coated 
perlite, and PH was mortar mixing with higher content of DL-coated perlite 
 
 
Figure 5-4 Cement kinetics results in cumulative heat production of mortars using DL-perlite, 
REF stands for standard mortar mixing, PL was the mortar containing lower content of DL-





Capillary water absorption test results 
Capillary water absorption test was conducted at 28 days and 84 days after cracking. Results 
are shown in Table 5-5 and Table 5-6. And the curve of absorption (mm) versus square root of 
time in initial and final specimens are given in Figure 5-5 and Figure 5-6. The capillary water 
absorption coefficient of each specimen is given in Table 5-7. 
From the results shown below, only PHBS and PHGM illustrated decreased absorption 
coefficient, whereas other specimens revealed various degrees of increase where REF showed 
highest. 
 
Table 5-5 Capillary water absorption results of mortars using DL-perlite in stage one at 28 days 
Specimens Initial (g) 10mins (g) 30mins (g) 60mins (g) 120mins (g) 240mins (g) 
REF 571.76 572.19 572.26 572.41 572.6 572.89 
PL 549.01 549.47 549.63 549.7 549.78 549.94 
PLBS 564.09 564.16 564.2 564.21 564.24 564.29 
PLGM 548.65 549.36 549.48 549.6 549.78 550.08 
PH 500.66 501.22 501.3 501.6 501.7 501.89 
PHBS 549.59 550.19 550.39 550.64 550.98 551.43 
PHGM 518.00 519.65 520.18 520.66 521.22 521.80 
 
Table 5-6 Capillary water absorption test results of specimens in stage one at 84 days 
Specimens Initial (g) 10mins (g) 30mins (g) 60mins (g) 120mins (g) 240mins (g) 
REF 560.36 561.59 562.11 562.76 563.69 569.74 
PL 549.09 549.98 550.33 550.77 551.35 552.99 
PLBS 566.58 566.95 567.06 568.01 568.95 573.64 
PLGM 547.11 547.21 547.26 547.28 547.38 550.39 
PH 501.35 502.49 502.79 503.15 503.65 506.12 
PHBS 557.12 557.82 558.08 558.39 559.79 560.99 





Figure 5-5 Capillary water absorption coefficient curve over square root of time (minutes) in 
1/2 of mortars using DL-perlite in stage one at 28 days 
 
Figure 5-6 Capillary water absorption coefficient curve over square root of time (minutes) in 







Table 5-7 Water absorption coefficients of specimens 
Samples Initial (g/cm2h-1/2) Final (g/cm2h-1/2) Comments 
REF 0.060 0.244 0.184 increase (306.7%) 
PL 0.030 0.066 0.036 increase (120.0%) 
PLBS 0.010 0.185 0.175 increase (175.0%) 
PLGM 0.069 0.119 0.050 increase (72.5%) 
PH 0.047 0.097 0.050 increase (106.4%) 
PHBS 0.101 0.090 0.011 decrease (108.9%) 
PHGM 0.120 0.082 0.038 decrease (31.6%) 
 
Cross-sectional images 
Three specimens, REF, PL, and PH were split to detect the healing performance along the depth 
of crack. Photos given in Figure 5-7 demonstrated the different healing degree of REF, PL and 
PH along the depth of crack. Compared to REF which reasonably had no healing occurred, PL 
showed significantly higher healing degree along crack depth where considerable amounts of 
healing products were formed as marked on Figure 5-7. Cross section photo of PH evidenced 
the presence of larger amounts of pores and voids in the matrix. In addition, the crack of PH as 
deep as 35 mm was visible which was consistent with the crack width results, suggesting the 
fewer crystals formed in PH. Noticeably that although PL had most of the crack healed, an 
obvious gap was remained just underneath the surface healing layer. This may be related to the 
lack of oxygen, as many studies revealed that oxygen is essential in the germination and growth 
of bacteria and also the aerobic MICP process [121,125,208]. When the crack was surface 
healed, bacteria within matrix were inaccessible to oxygen from the atmosphere, consequently 
the MICP process was significantly weakened or even stopped. However, the deeper crack was 
narrower than the surface crack, therefore before the stop of deep MICP as stated previously, 





Optical microscopic images 
Figure 5-8 are optical microscopic images of specimens in stage one, only photos of final crack 
at 84 days after cracking are presented. Figure 5-8 presents the post-healed crack of PL, PLBS, 
PLGM, PH, PHBS, and PHGM. 
These photos supported the healing ratio results given previously. PL showed a completely 
sealed crack accompanied by some excessively formed white healing crystals. However, none 
of other specimens had crack completely closed, PH demonstrated greatest healing among the 
other mortars, where its crack had only a small gap remained in the middle. PLBS and PLGM 
produced significant amounts of healing products that could partially seal the cracks. On the 
contrary, cracks of PHBS and PHGM were barely healed. The main reason for that may be due 
to the DL coating in mortars in stage one, as DL coating consisted a considerable amount of 
cement, which may be hydrated and form dense ‘simulated’ healing products. As PLBS and 
PLGM had denser internal structure than PHBS and PHGM, the cracks were more likely to be 
visually ‘blocked’ in this case. 
 
 
     (a)                                            (b)                                           (c) 
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(c)                                                                        (d) 
(e)                                                                       (f) 
Figure 5-8 Optical microscopic images of partial or fully healed mortars at 84 days of healing, 








SEM was carried out only on PL and PH specimens which had highest healing level to 
determine the microstructure and morphologies of the healing products. The SEM images are 
given in Figure 5-9. As per the original crack width of each sample was around 0.4 mm, SEM 
images of PH (right) highlighted the original crack area as the red line showed. Therefore, the 
formed crystals within the crack is thought to be the healing products. The healing products 
presented various morphologies, including rhombohedral, spherical, and irregular shapes. 
These healing products were plenty enough to seal most of the crack, where only a small gap 
remained in the middle. However, the formed crystals were very loose, moreover, voids were 
noticed between formed crystals and the original crack. In addition, the short black line shown 
on PL (right of Figure 5-9(a)) is highly suspected to be the footprint of bacterial activities.  
 
 
Figure 5-9 SEM images of mortars using DL-perlite in stage one at 84 days of healing, (a) PL, 
(b) PH, healing products were given in the morphologies of rhombohedral and spherical, 
original crack was filled by a considerable amount of healing crystals, some black dots were 









Rhombohedral healing crystals 




5.3.2 Stage two using PVA coating results 
Flexural strength 
Flexural strengths of specimens in stage two are given in Figure 5-10. PPVA1 revealed highest 
flexural strength at 8.12 MPa, next was 8.11 MPa given by PPVA4 specimen, then PPVA2 and 
PPVA5 shared similar values of around 8.05 MPa, while PPVA3 showed lowest value of 7.92 
MPa. It should be noted that all mortars demonstrated generally similar flexural strength. 
However, all mortars in stage two presented significantly lower value than REF in stage one. It 
could be due to the addition of PVA-perlite had negative effect on the flexural strength of 
mortar sample. However, there was no considerable dissimilarity between flexural strength of 
each mix in stage two, which means PVA-PGM and PVA-PBS may have similar individual 
impact on the flexural strength of mortar. This negative impact could be resulted from the low 
density and strength of PVA-perlite compared to standard sand. Furthermore, PVA coating was 
rather thinner and less stiff than DL coating and led to lower flexural strength of mortars in 
stage two than specimens in stage one. 
 






Crack widths of specimens in stage two were measured via optical microscope, results are given 
in Table 5-8. Initial crack width refers to the post-cracked crack width (W0), and final crack 
width (W1) was measured at 84 days of healing. Figure 5-11 gives the detailed crack width of 
each sample over the healing period. Noticeably that all specimens showed dramatic crack 
width reduction at 7 days, and the crack size subsequently reduced in the following healing 
period, finally resulted in extremely small cracks. Complete crack closure was achieved by P2 
and P4 samples, and the other mixes PPVA5, PPVA1, and PPVA3 had healing ratio of 98%, 
97%, and 95% respectively.  
Samples in stage two showed overall much higher healing ratio than samples in stage one, 
indicating the greater feasibility of using PVA-perlite than DL-perlite in terms of self-healing 
purpose.  
 
Table 5-8 Crack width results of mortars in stage two using PVA coating 
Specimens Initial crack width (W0, mm) Final crack width at 84 days 
(W1, mm) 
Healing ratio (RW2, 
100%) 
PPVA1 0.38 ± 0.03 0.01 ± 0.007 97% ± 2% 
PPVA2 0.35 ± 0.03 0.00 ± 0.00 100% ± 0% 
PPVA3 0.38 ± 0.02 0.02 ± 0.008 95% ± 2% 
PPVA4 0.40 ± 0.02 0.00 ± 0.00 100% ±0% 





Figure 5-11 Crack width healing (RW) for mortars in stage two using PVA-perlite over healing 
period at 0, 7, 14, 28, 56, and 84 days 
 
Hydration kinetics results  
Calorimeter results are given in Figure 5-12 and Figure 5-13. In the heat produced rate results, 
all mortars presented similar peak time at around 12 hours, there was no apparent retardation 
of cement hydration noticed, indicating the great protection of the encapsulation and coating 
on preventing the leakage of the GM. However, compared to REF, bacteria-based mixings 
showed significantly lower peak value and cumulative produced heat. This may be due to the 
dissimilar physical properties between perlite and standard sand. The PVA-perlite may absorb 
more water during the mixing process than the sand, resulting in lower degree of cement 
hydration and less produced heat in this case. On the other hand, different interaction between 
aggregate and standard sand or PVA-perlite and cement matrix, e.g., bounding effect, intensity, 
heat transformation, could also cause the dissimilar heat production. At the end of calorimeter 
test, cumulative heat of PPVA4 and PPVA5 showed increasing trend but the curve of REF 
trended stable. It is reasonable to consider that the cumulative heat of PPVA4 and PPVA5 will 
be close or equal to REF at a point in the following few days. Apparently, the addition of PVA-
perlite negatively impacted the heat production at the beginning of cement hydration, but the 




Figure 5-12 Heat production rate of cement mortar mixings by gram of cement of REF, PPVA4, 
and PPVA5 using PVA-perlite in stage two, the test was conducted over 72 hours  
 
Figure 5-13 Cumulative produced heat of cement mortar mixings by gram of cement of REF, 
PPVA4, and PPVA5 using PVA-perlite in stage two, the test was conducted over 72 hours 
 
Water flow results 
Water flow test was carried on pre-cracked, post-cracked, and 84-days healed specimens. The 
detailed results of water flow coefficient are presented in Table 5-9, where the improvement is 
calculated by the Eq.4-3. 
High RP value was found on all specimens in stage two, where highest RP reached 97.66% of 
PPVA2, followed by PPVA4 (97.60%). PPVA1 and PPVA5 shared similar RP of around 
89.4%, whereas PPVA3 presented lowest RP of 80.27%. This result is generally consistent with 
crack width results, revealing the difference healing efficiency between each mix in stage two. 

















may be due to the different dosages of healing agents. P5 had the largest amount of calcium 
acetate, however, PPVA4 performed greater healing than PPVA5, which suggests that the 
calcium acetate in PPVA5 was not completely converted to calcite. By increasing the amount 
of YE in PPVA4, more bacteria were germinated and grown, therefore more calcium acetate 
was decomposed and converted to calcium carbonate. In addition, PPVA2 showed the healing 
as great as PPVA4, as per PPVA2 contained same amount of calcium acetate as PPVA4, but 
lower content of bacterial spores and YE, there might be a potential proportional relationship 
between bacterial spores’ number and YE content to produce largest bacterial cells’ number 
during the healing process.  
 
Table 5-9 Water flow coefficient of specimens in stage two 
Specimens Pre-cracked water flow 
coefficient (cm/s) 
Initial water flow 
coefficient (P0, cm/s) 
84 days water flow 
coefficient (P1, cm/s) 
Improvement (RP, %) 
PPVA1 1.67E-06 ± 3.2E-08 4.40E-02 ± 1.3E-03 4.63E-03 ± 8.4E-05 89.48% ± 2% 
PPVA2 2.03E-06 ± 2.1E-08 1.89E-02 ± 4.5E-04 4.43E-04 ± 1.0E-05 97.66% ± 2% 
PPVA3 2.87E-06 ± 1.4E-08 5.84E-02 ± 8.3E-04 1.15E-02 ± 2.1E-04 80.27% ± 3% 
PPVA4 2.98E-06 ± 1.9E-08 4.11E-02 ± 9.6E-04 9.87E-04 ± 1.3E-05 97.60% ± 2% 
PPVA5 1.82E-06 ± 1.6E-08 6.20E-02 ± 1.2E-03 6.63E-03 ± 1.4E-04 89.30% ± 2% 
 
Optical microscopic images 
Optical microscopic images are shown in Figure 5-14. Post-cracked and 84-days healed 
Specimens were visually observed. A clear signal was marked on the initial crack to facilitate 
the observation. All specimens showed complete healing of crack, where all cracks were 
visually filled by white healing products after 84 days of healing. Although optical microscope 
evidenced the complete crack closure, some small cracks were still seen via SEM.  
 
(a) 









Post-cracked 84 days 
Post-cracked 84 days 




Figure 5-14 Progression images of (a) PPVA1, (b) PPVA2, (c) PPVA3, (d) PPVA4, and (e) 
PPVA5 in stage two using PVA-perlite, photos showing the healing products formed within 
the crack over 84-days healing period. 
 
SEM and EDX results 
Figure 5-15 and Figure 5-16 present the SEM and EDX results of two spectrums on specimen 
PPVA5 acting as representatives for specimens in stage two. Based on the SEM images, it is 
clear that the final crack of PPVA5 was approximately 10 µm wide. Different morphologies of 
formed crystals were noticed, some rhombohedral crystals were formed along the crack edge 
and the vicinity of the crack, some irregular or spherical crystals were also observed. Based on 
the EDX results and the calculation of the elements’ weight ratio, the healing product is 
essentially believed to be calcium carbonate with some slight contamination of silicon and 
sulfate which may be due to autogenous healing. 
(e) 







Element Weight% Atomic% 
C K 13.32 23.27 
O K 39.62 52.00 
Si K 0.33 0.25 
Ca K 46.73 24.48 






Element Weight% Atomic% 
C K 11.06 21.97 
O K 27.76 41.41 
Si K 0.53 0.45 
S K 0.31 0.23 
Ca K 60.35 35.94 




5.4.1 Healing performance of specimens in stage one 
In stage one, perlite with double-layers (DL) coating was utilized to carry the bio-agents, 
including bacterial spores and growth media. Regarding to the cement kinetics results gained 
from isothermal conduction calorimeter, the low content addition (20%) of DL-Perlite showed 
only a slight effect on the cement hydration, whereas the high content (40%) DL-Perlite 
Figure 5-16 SEM and EDX results of spectrum 
2 on PPVA5 using PVA-perlite in stage two 
Figure 5-15 SEM and EDX results of spectrum 1 









increased the heat production rate and also cumulative heat at end. This may have been due to 
the cement coating on the perlite reacting with water and producing heat during the hydration.  
Initially an ISAT was to be used for measuring the permeability. However, this method was 
found to be unsuitable and consequently a capillary was used instead. This change of method 
meant that only data at 28 days and 84 days of healing could be obtained. It was found that the 
capillary water absorption coefficient of most specimens presented increase which was inverse 
to the expectation. Some of the following reasons may explain the finding: 
• The capillary water absorption test requires extreme stable environment, e.g. strictly 
flat-water level, same humidity condition for all specimens etc. During the test, some 
of the requirements may not achieved. 
• Before weighting, specimens need to be wiped by tissue to remove extra water on the 
surface, and this process may cause inconsistency between samples leading to further 
changes to the final absorbed water weight. 
• The formed healing product within the crack may present dissimilar density or 
microstructure to the mortar sample, resulting in different water absorption capacity. 
In this case, the capillary water absorption coefficient of healed specimens may 
illustrate unpredictable performance due to undefined healing products. 
 
However, based on the healing ratio (RW) of specimens in stage one, the introduction of DL-
Perlite significantly enhanced the healing capacity of mortar specimens. Sample PL presented 
greatest healing, evidencing that bacteria were involved in the healing and enhanced the healing 
capacity of the mortar sample. Noticeably that higher content addition (40%) of DL-Perlite did 
not improved the healing as great as the low content sample. This may be because of the porous 
and low-density characteristics of perlite, such that 40% replacement led to the excessively 
porous structure of mortar sample. By expanding the crack volume, the loose inner structure 
could negatively affect the healing process. Therefore, although the bio-agents’ amount 
doubled, the formed healing products were unable to completely seal the generated crack and 
the natural gaps caused by the loose structure. 
In addition, samples containing sole DL-PBS or DL-PGM showed healing as well, the 
following explanation can be addressed: 
• Considering the cement kinetics results, cement coating can be potentially hydrated, 
either during the hydration and hardening phase, or the healing period. The hydration 
of cement coating may contribute to the crack closure. 
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• Bacterial spores and GM could cause healing individually. Bacteria may survive in the 
cement matrix without any additional GM, by utilizing some potential components 
already presented in mortar matrix like calcium hydroxide, bacteria could further 
precipitate calcite. Similarly, GM may chemically react with minerals in the cement 
matrix and consequently precipitate some healing products. 
 
Based on the above, the healing occurred in PL and PH specimens may be a combination of 
bacterial activities and cement hydration of the coating. However, the actual mechanism is still 
unknown due to the undistinguishable products (calcium carbonate) of healing and cement 
hydration, which may need further investigation. In addition, SEM images evidenced the crack 
closure and presence of formed precipitates, although different morphologies of the crystals 
were noticed, calcium carbonate was the main precipitate. 
5.4.2 Healing performance of specimens in stage two 
All specimens in stage two presented a considerable healing at 84 days after cracking. The 
visual observation on the marked point of the crack noticed large amounts of white healing 
products generated filling the crack at 84 days without any apparently open gap. By measuring 
the crack width, PPVA2 and PPVA4 specimens achieved 100% recovery, and other specimens 
revealed high recovery in crack size as well. However, SEM images illustrated dissimilar 
findings where minor cracks were detected. The following reasons can be addressed: 
• A vacuum pump was applied on the specimens prior to SEM, and this could cause 
reopening of the crack, since the formed healing products were more likely to consist 
of partially loose and vulnerable crystals. 
• Samples subjected to optical microscope were in wet condition, and the moisture may 
remain in the crack and cause the minor crack to be undetected under optical 
microscope. 
• The precipitated calcite was insufficient to completely fill the crack, although optical 
microscope suggested the complete closure, minor gap was remained and could only 
be detected under SEM. 
• The minor gap was remained aiming to create an oxygen pathway for the bacteria 
underneath the healed crack. 
 
Water flow test gave the clear evidence to the healing of all specimens, and results were 
consistent with crack width results, where PPVA2 and PPVA4 had RP reached above 97%, the 
lowest RP of PPVA3 specimen reached 80%. SEM images revealed essentially three 
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morphologies of crystals within the healed crack, rhombic, irregular and spherical crystals. 
EDX results determined that the crystals around the crack area mainly consist of calcium, oxide, 
carbon, and a small amount of silicon and sulfate. This may essentially confirm that the healing 
product was a mix of calcium carbonate and slightly some other minerals.  
However, cement may be involved in the calcite precipitation as well by two of the following 
potential pathways:  
• One is the enhanced autogenous healing due to the addition of growth media, e.g. 
chemical reactions between calcium acetate and cement particle, structural changes 
caused by the addition of growth media etc. 
• Bacteria may be able to use the calcium source from cement hydration products and 
precipitate calcite.  
 
According to the comparison between each mix, the following findings were noticed: 
• By comparing PPVA2 with PPVA1 and PPVA4 with PPVA3, yeast extract showed 
governing effect on the healing efficiency, more YE may germinate more bacterial cells 
in the healing process and consequently convert more calcium source. 
• By comparing the results between PPVA2 and PPVA3, both mixings had the same YE 
content, but PPVA3 had larger bacterial spores’ amount, results revealed that too many 
initial bacteria may be less positive, or even negative, to the healing efficient. Some 
studies revealed the possible limitation of YE amount [8,9], in addition, the amount of 
urea and Ca2+ are also found to have thresholds [140,161,174]. However, these studies 
only investigated ureolytic-based MICP. In this study, non-ureolytic bacteria were 
used, based on the presented results, there might be thresholds of bacteria’s amount, or 
a proportional relationship between each agent. 
• Higher content of calcium acetate showed more positive effect on the healing 
performance of BBSHC as per the difference between PPVA3 and PPVA5. 
5.4.3 Comparison between double-layer coating and PVC coating 
Stage one and stage two used two different coating method, where stage one used double -layer 
coating consist of mainly sodium silicate and cement powder, and stage two used PVA 
(polyvinyl acetate) as the coating material. 
In terms of the influence of coating types on the cement mortar sample, according to the flexural 
strength results, the double-layers coating showed apparently higher strength and stiffness than 
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the PVA coating. The double-layers coating mainly consisted of cement particle, making the 
DL-perlite have similar physical property to the mortar matrix. Whereas the PVA coating was 
extremely thin with the thickness of about 0.2 mm, and the strength and stiffness was 
considerably lower than DL-perlite. Therefore, specimens in stage two revealed lower overall 
flexural strength than specimens in stage one. The strength reduction of specimens in stage two 
compared to REF was about 8%, which is slightly lower than that reported by Jonkers and 
Schlangen [157] who reported losses in strength of around 10%. Based on the cement kinetics 
results, both DL coating and PVA coating presented great protection effectiveness on 
preventing leakage of bio-agents. However, the replacement by either DL-perlite or PVA-
perlite did negatively affect the cumulative produced heat at the first 72 hours except the PH 
sample. Considering the small possibility of bio-agents’ leaking, some parameters such as the 
dosage of replaced aggregate, mixing intensity, physical properties of aggregate, might be 
related to this impact.  
According to the test results collected from both series’ specimens, since these two series 
specimens were subjected to different test methods in terms of water permeability coefficient, 
the comparison can only be carried out on crack closure results being visually obtained.  
PVA-perlite specimens indicated higher healing ratio regarding to the crack closure ratio where 
the greatest specimens had complete crack closure, but DL-perlite specimens only showed 86% 
as the highest. The following reasons may explain the results: 
• Specimens in stage two contained higher concentrations of bio-agents compared with 
DL-perlite specimens. In stage one, the concentrations of bio-agents were 5.5×107 
spores/g cement, 8.0×10-3 g calcium acetate/g cement, and 6.7×10-4 g yeast extract/g 
cement. In stage two, the lowest concentrations were 2.3×108 spores/g cement, 3×10-2 
g calcium acetate/g cement, and 6.5×10-3 g yeast extract/g cement. Various dosages of 
bio-agents were investigated [171,174,189], an increase in the amounts of bio-agents 
generally showed positive effect on the calcite precipitation rate [165]. Therefore, 
specimens in stage two reasonably presented greater healing. 
• the double-layers coating in stage one was much thicker than PVA coating, which may 
lead to incomplete breaking of the DL-perlite during the crack creation. As a result, the 
bio-agents encapsulated in the DL-perlite might be incompletely released compared 
with PVA-perlite, so fewer healing products were consequently formed. 
• With double-layers coating, DL-perlite is shown to have thicker coating than PVA-
perlite, consequently, to achieve same amount of bio-agents embedded in matrix, more 
DL-perlite is required. However, results in stage one confirmed that high content of 
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DL-perlite was even less efficient than low content. Therefore, it can be concluded that 
PVA coating is greater in terms of application in BBSHC. 
 
5.5 Conclusion 
The following conclusions are derived from this chapter: 
• Bacteria showed significant positive effect on the crack repair and calcite precipitation, 
with the presence of growth media, the positive effect has been remarkably enhanced. 
• Perlite showed great potential in terms of being as carrier in the BBSHC, specimens 
added by PVA-perlite revealed significant improvement in both crack width reduction 
and water flow coefficient. 
• Bio-agents’ amounts were illustrated to have vital impact on the healing efficiency of 
BBSHC, and there might be a proportional relationship between each bio-agents. 
• Although the different methodologies were used in stage one and two, the healing 
performance of cracks over healing period still revealed the dissimilar healing degree 
of BBSHM in stage one and two. PVA coating has been proved to be greater than the 




6 Chapter 6 Utilization of aerated concrete granules (ACG) as 
carrier for bio-agents 
6.1 1Introduction 
In the past few years, studies investigated several carriers to encapsulate self-healing-agents 
properly in the concrete matrix. Microcapsules [76,77], hydrogel [159], glass capsule [57], 
perlite [120,246] etc.  
In the previous chapter, perlite was studied as the lightweight encapsulation carrier for bio-
agents. However, strength loss of cement mortar sample was noticed of about 8% [193]. As an 
alternative, aerated concrete granules were used in this part of the study to compare with the 
perlite to determine whether it was a more appropriate lightweight encapsulation material. In 
addition, ACG has pores structure,  
Aerated concrete granules were derived from aerated concrete as the name suggests. Aerated 
concrete (AAC) is a lightweight and foamed building material, which consists of mostly cement, 
sand, gypsum and aluminium powder being used at a rate of 0.05%–0.08% by volume. During 
the mixing process, aluminium powder reacts with calcium hydroxide and water to form 
hydrogen to create the foamed structure. Aerated concrete granules were made by smashing 
AAC into small granules, whose size were in maximum of 5 mm. The ACG used were a 
commercially available product supplied by Cellumat SA Belgium. 
The study presented in this chapter investigated the possibility of using ACG as the 
encapsulation carrier for bio-agents. 
 
6.2 Experimental programme 
6.2.1 1Mixing proportions 
In this chapter, bio-agents were encapsulated in ACG under vacuum as described in section 
4.2.3, and the encapsulated ACG were coated by PVA (polyvinyl acetate) commercially 
supplied by EVO.STIK. PVA (C4H6O2)n. PVA is a water soluble material which is mainly used 
as wood adhesive. PVA can dry quickly to prevent reaggregation of granules. In addition, PVA 
coating is in the form of film, suggesting the minor influence on the morphology and size of 
coated lightweight aggregate. 
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To investigate the influence of bio-agents’ amount on the healing performance, different 
concentrations of bio-agents were utilized in this study, the details are given in Table 6-2. ACG 
encapsulated by bacterial spores were referred to as ACGS, and the ones contained growth 
media (yeast extract and calcium acetate) were referred to as ACGM. 
The mix proportions are given in Table 6-1. In this study, rectangular prisms were cast with 
proportions of 40×40×65 mm, triplicate samples were cast for each mix. Eleven mixes were 
designed, including a REF sample containing only cement, water, and standard sand. P1 to P10 
were mixes designed with different amounts of bio-agents, where P1 had 20% of standard sand 
replaced by ACG by volume, P2-P7 and P10 had 25%, and P8 and P9 had 40%. The detailed 
bio-agents’ amounts encapsulated in ACG are shown in Table 6-2. The concentration is based 
on plain ACG, after encapsulation, ACGs were coated by PVA, and the mass of PVA was 50% 
of plain ACG. Therefore, by adding the mass of PVA, highest calcium acetate content reached 
4.55 grams for mix P6, P7, P9, and P10, while yeast extract content and bacterial spores’ 
number reached 2 grams (P5 and P7) and 3.64×1010 cfu (P4-P8). To better compare the bio-
agents’ content in each sample, mixing proportions per 100g cement are given in Table 6-3. 
 
Table 6-1 Mix proportions of specimens using PVA coated ACG 




ACGS (g) ACGM (g) 
REF 92 46 276 0 0 0 
P1 92 46 221 20 5.54g ACGS1 15.6g ACGM1 
P2 92 46 207 25 5.54g ACGS1 19.7g ACGM2 
P3 92 46 207 25 5.54g ACGS1 20.2g ACGM3 
P4 92 46 207 25 5.54g ACGS2 20.2g ACGM3 
P5 92 46 207 25 5.54g ACGS2 21.16g ACGM4 
P6 92 46 207 25 5.54g ACGS2 22g ACGM5 
P7 92 46 207 25 5.54g ACGS2 23g ACGM6 
P8 92 46 165.6 40 5.54g ACGS2 40g ACGM7 
P9 92 46 165.6 40 18.7g ACGS3 22g ACGM5 
P10 92 46 207 25 5.54g ACSG1 23g ACGM6 
Note: ACGS is coated ACG containing bacterial spores, ACGM is coated ACG containing growth media. Three 
types of ACGS and seven types of ACGM were made, different dosages of bio-agents were encapsulated in ACG, 





Table 6-2 Details of bio-agents' amount encapsulated in ACG per gram of plain ACG 
ACG Bacterial spores (×109)/g ACG Yeast extract(g)/g ACG Calcium acetate(g)/G ACG 
ACGS1 6 - - 
ACGS2 10 - - 
ACGS3 3 - - 
ACGM1 - 0.07 0.32 
ACGM2 - 0.05 0.24 
ACGM3 - 0.09 0.24 
ACGM4 - 0.18 0.24 
ACGM5 - 0.09 0.48 
ACGM6 - 0.18 0.48 
ACGM7 - 0.05 0.23 
Note: The concentration was calculated based on the unencapsulated and uncoated plain ACG. After encapsulation, 
ACGS/ACGM were coated with PVA, the mass of PVA is about 50% of the plain ACG. 
 
Table 6-3 The mixing proportions of mortars using ACG per 100 g cement 








REF 100 50 300 0 0 0 
P1 100 50 240 2.3 2.9 0.64 
P2 100 50 225 2.3 2.9 0.64 
P3 100 50 225 2.3 2.9 1.1 
P4 100 50 225 4.0 2.9 1.1 
P5 100 50 225 4.0 2.9 2.2 
P6 100 50 225 4.0 4.9 1.1 
P7 100 50 225 4.0 4.9 2.2 
P8 100 50 180 4.0 4.9 1.1 
P9 100 50 180 4.0 4.9 1.1 
P10 100 50 225 2.3 4.9 2.2 
Note: The amount of bacterial spores, calcium acetate and yeast extract were converted to per 100 g cement. 
 
6.2.2 Healing regime and testing methods 
The healing regime for cracked specimens was the same wet-dry cycle healing regime described 
in Chapter 5 Section 5.2.2. Post-cracked specimens were placed in the healing regime for 84 
days period, after which the specimens were subjected to the following test: 
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• Cracking: flexural strength was obtained as the result of cracking. Details of the test 
are given in section 5.8. 
• Optical microscope: specimens were visually observed as described in section 4.6.1. A 
clear sign was marked to facilitate the observation. 
• Isothermal conduction calorimeter: cement hydration rate and produced heat was 
obtained via isothermal conduction calorimeter test (section 4.3.2) to determine the 
possible influence of adding ACG on the cement hydration kinetics. Selected mixing, 
REF, P6 and P8 representing different amount of ACG, were taken to the calorimeter 
test. 
• Water flow test was carried out as given in section 4.5.2. 
• SEM and EDX: selected well healed specimens after 84 days healing were subjected 
to SEM to identify the microstructure and elementary compositions of healing products. 
• CT scan: selected samples were subjected to CT scan to determine the healing within 
the inner crack without any damage to the sample. 
 
6.3 Results 
6.3.1 Flexural strength 
Flexural strength results of each sample is given in Figure 6-1. REF sample showed highest 
flexural strength of 8.79 MPa, however, the other samples illustrated similar overall values. 
The lowest strength was found on sample P2 which was about 6.5% lower than REF. Highest 
flexural strength found on ACG-based mortars was P3 of 8.62 MPa, of which the strength loss 
was about 2% compared to REF. In Chapter 5, where perlite was used as the carrier for bio-
agents, the largest strength reduction was about 6% compared to REF. It can be concluded that, 
compared to sample using perlite, samples with ACG did not show greater performance in 
terms of mechanical property. When embedding carriers in cement mortar matrix, the higher 
strength of ACG did not significantly compensate the strength loss caused by the replacement 
of sand. Hence, the obtained strength results of either ACG-based or perlite-based samples 





Figure 6-1 Flexural strength of mortars using PVA-ACG 
 
6.3.2 Crack width 
The crack size (mm) was measured by optical microscope as described in section 4.6.1, and 
healing ratio in crack width (RW) was calculated by Eq. 4-5, and the results of crack width are 
shown in Table 6-4. The initial crack width of each specimen was essentially 0.4 mm. After 84 
days in the healing incubation system, complete crack closure was found for mixes P3, P7, P9 
and P10. Next were P1, P4 and P6 with 98% healing ratio. Finally, P2, P5 and P8 specimens 
had healing ratios around 97%. In contrast, REF had significantly lower healing ratio around 
12.5%. Based on the presented results, the bio-samples showed overall high healing efficiency, 
particularly compared to REF, indicating the great potentiality of ACG as carrier for bio-agents 
in terms of utilization in BBSHC. However, slight differences in healing efficiency between 
each mix of P1-P10 were detected, which may be due to the different healing agents’ amount 






Table 6-4 Initial crack width, final crack width at 84 days of healing, and corresponding healing 
ratios (RW) of mortars using PVA-ACG 
Specimens Initial crack width (W0) Final crack width (W1) Healing ratio (RW) 
REF 0.40 ± 0.03 0.35 ± 0.01 12.5% ±2% 
P1 0.42 ± 0.02 0.01 ±0.005 98% ± 1% 
P2 0.47 ± 0.03 0.02 ± 0.008 96% ± 1% 
P3 0.41 ± 0.02 0.00 ±0.00 100% ± 0% 
P4 0.43 ± 0.01 0.01 ±0.003 98% ± 1% 
P5 0.37 ± 0.03 0.01 ±0.005 97% ± 2% 
P6 0.41 ± 0.02 0.01 ± 0.00 98% ± 1% 
P7 0.38 ± 0.03 0.00 ± 0.00 100% ± 0% 
P8 0.39 ± 0.02 0.02 ± 0.01 97% ± 2% 
P9 0.40 ± 0.02 0.00 ± 00 100% ± 0% 
P10 0.39 ± 0.02 0.00 ± 00 100% ± 0% 
Note: Initial crack width was measured on freshly opened crack, and final crack width was measures on 84-days 





Figure 6-2 Healing ratios of crack width progress of PVA-ACG based mortars over healing 
period at 0, 7, 14, 28, 56, and 84 days of healing 
 
6.3.3 Hydration kinetics 
Figure 6-3 and Figure 6-4 give the calorimeter results of the selected mixes which were REF, 
P6, and P8. The influence of adding PVA-ACG on the cement hydration is suggested to be 
possibly released yeast extract and amount of PVA-ACG. Therefore, P6 and P8 were selected 
as representative, which had 25% and 40% sand replaced by PVA-ACG (v/v%). In addition, 
both P6 and P8 had highest amount of total calcium acetate per mix (4.55g). 
In the heat production rate result given in Figure 6-3, REF sample revealed peak heat at about 
12 hours, referring to the main period of cement hydration. The other two ACG-based mixes 
gave the essentially same peak time. However, differ to REF sample, the ACG-based samples 
demonstrated significantly lower peak value, and mix with higher ACG amount illustrated 
lowest peak value of heat production rate. Cumulative heat results demonstrated same trending, 
where REF produced most heat, followed by sample P6, and sample P8 had fewest heat 
produced. This result is similar to what obtained in the Chapter 5 by perlite, which means the 
replacement of standard sand by either ACG or perlite led to lower heat production in the first 
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72 hours. This may be due to the less fine aggregate used in BBSHC by mass, or the different 
physical properties of ACG/perlite compared to standard sand. 
 
 
Figure 6-3 Isothermal conduction calorimetry results of heat production rate over per gram of 
cement of mortars REF, P6, and P8 using -PVA-ACG 
 
Figure 6-4 Isothermal conduction calorimetry results of cumulative produced heat over per 




6.3.4 Water flow test results 
Water flow test was carried out to obtain the pre-cracked, post-cracked (P0), and 84-days healed 
(W1) water flow coefficient, and the healing ratio of water flow coefficient was calculated by 
Eq. 4-3. Water flow test results are shown in Table 6-5. Sample P1-P10 showed overall great 
improvement in water tightness, whereas REF revealed only 36% healing ratio in water flow 
coefficient. Among the ACG-based samples, highest improvement has been noticed on sample 
P7 achieving 99% healing ratio, and then followed by P1, P3 and P10 sharing similar 
improvement ratio more than 98%. P4 and P6 had the coefficient improved about 97%, while 
P2 and P8 showed improvement about 91%. Lowest healing ratio was found on P9 which was 
only 87%. 
The RP values generally reflected the amount of formed precipitates that improving the water 
tightness property of the samples. Therefore, sample P7 produced highest amount of healing 
products, whereas sample P9 had fewest among bio-mortars given the evidence in Table 6-5. It 
should be noted that P9 had 100% RW which was much greater than RP, possible reason is that 
for P9, healing more occurred on the surface and the healing products were vulnerable and thin. 
 
Table 6-5 Water flow test results of ACG specimens 
Specimens Pre-cracked water flow 
coefficient (cm/s) 
Initial water flow 
coefficient (P0, cm/s) 
84 days water flow 
coefficient (P1, cm/s) 
Improvement (RP, %) 
REF 5.1E-06 ± 1.2E-07 5.6E-02 ± 2.4E-03 3.6E-02 ± 1.1E-03 36% ± 3% 
P1 4.1E-06 ± 8E-08 8.2E-02 ± 1.2E-03 1.5E-03 ± 1.4E-05 98% ± 1% 
P2 4.0E-06 ± 1.1E-07 6.0E-02 ± 1.3E-03 5.2E-03 ± 6.7E-05 91% ± 2% 
P3 5.3E-06 ± 1.0E-07 3.6E-02 ± 2.3E-04 4.6E-04 ± 5.2E-06 98% ± 1% 
P4 5.5E-06 ± 1.3E-07 6.1E-02 ± 8.9E-04 2.1E-03 ± 3.1E-05 96% ± 1% 
P5 5.6E-06 ± 1.4E-07 3.8E-02 ± 8.7E-04 2.1E-03 ± 3.8E-05 94% ± 2% 
P6 3.1E-06 ± 9E-08 6.3E-02 ± 1.3E-03 1.7E-03 ± 1.8E-05 97% ± 2% 
P7 3.4E-06 ± 1.4E-07 4.6E-02 ± 9.1E-04 4.2E-04 ± 1.4E-06 99% ± 0% 
P8 3.1E-06 ± 1.1E-07 2.7E-02 ± 7.2E-04 2.2E-03 ± 4.2E-05 92% ± 2% 
P9 2.8E-06 ± 1.5E-07 1.2E-02 ± 3.2E-04 1.4E-03 ± 2.7E-05 87% ± 3% 
P10 4.0E-06 ± 2.2E-07 2.1E-02 ± 8.7E-04 2.3E-04 ± 5.1E-07 99% ± 0% 
Note: Pre-cracked water flow coefficient was measured on uncracked surface, initial water flow coefficient was 




6.3.5 Optical microscopic results 
Optical microscopic images of all specimens are given in Figure 6-5, where the crack healing 
procedures of all specimens at 0 day, 14 days, 28 days, 56 days, and 84 days after cracking are 
presented. The healing performance of each specimen was essentially consistent with the crack 
size results and the water flow results. REF did not show apparent crystal formation on the 
surface of crack, suggesting the low crack closure capacity of autogenous healing in terms of 
large crack. The specimens containing healing agents showed rapid healing at the very 
beginning, where crystallization formation was determined at 14 days. For specimens P2 and 
P4, the white crystals were rapidly formed at 14 days, but the precipitation stopped in the 
following days, so that a small open gap remained until the end of observation. For specimens 
P1, P3, P5, P8, and P9, the optical microscopic images clearly showed that the crystals were 
continuously formed during the healing period. Furthermore, images at 84 days revealed that 
sample P3 and P9 had the crack completely closed, while for specimens P1, P5, and P8, 
although continuous crystal precipitation was observed, cracks were still partially open at 84 
days. P6 specimen showed most healing at 14 days, in the following period, the crystals were 
further formed within the crack, where a white line was determined in the middle of the crack 
as a result of gathering of large amount of crystals. However, partial crack and some voids in 
the vicinity of the crack did not completely blocked. Specimens P7 and P10 showed rapidest 
healing, where complete healing was found at the first 14 days. The crystals were continuously 
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Figure 6-5 Optical microscopic images of REF, P1, P2, P3, P4, P5, P6, P7, P8, P9, and P10 
 
6.3.6 SEM and EDX results 
Selected specimens, P7 and P8 as the representatives, were subjected to SEM and EDX at 84 
days to identify the microstructure and mineral characteristics of the healing products. Figure 
6-6 and Figure 6-8 show the SEM images of P7 and P8 in 50 and 2000 magnification, and 
Figure 6-6 and Figure 6-8 presented EDX results respectively. SEM images clearly showed the 
P8 
0 day 14 days 28 days 56 days 84 days 
P9 
0 day 14 days 28 days 56 days 84 days 
P10 
0 day 14 days 28 days 56 days 84 days 
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region filled by healing products along the crack considering the original crack width of both 
specimens was approximately 400 µm. 
Consistent with the water flow test result, crack size of P7 and P8 was reduced to about 2 µm 
and 18 µm at 84 days respectively. P7 illustrated a large amount of rhombic and round crystals 
along the crack, and crystals with smaller size were noticed while closed to the middle void. 
Sample P8 showed rather flatter healing surface than P7, small irregular crystals were formed. 
These findings may be explained by the following two reasons: i) P7 contained more YE than 
P8, resulting in greater healing capacity and more healing products. Therefore these healing 
products were accumulated on the crack surface, presenting as granules shown in Figure 6-6, 
ii) the structure of P7 was thought to be denser than P8 based on the analysis given in water 
flow test results, so the precipitated formed in P7 is reasonably to be denser and coarser than 
that of P8, as the precipitates in P8 may be formed in the voids and pores inside the matrix 
rather than surface. 
EDX results of both P7 and P8 presented similar elementary compositions and ratios, although 
some contaminated phosphorus and sulfate were found on P7, the majority of detected elements 
were calcium, carbon, and oxygen. Based on the atomic masses, the formed healing product 
was highly suggested to be calcium carbonate.  
Therefore. SEM and EDX analysis on P7 and P8 specimens confirmed the size of healed crack 
and chemical compositions of healing product. However, complete crack heal was found on P7 
via optical microscope, but micrometric-sized crack was detected under SEM. Possible reasons 
could be same with the statement in Chapter 5, as the vacuum process may damage the thin 
precipitates layer and reopen the crack. 
 
     
Figure 6-6 SEM image of P7 using PVA-AVG, indicating the original crack region and tne 






   
Figure 6-8 SEM image of P8 using PVA-ACG, showing the original crack region, the crack 
filled by healing products and the healed crack with width of approximately 12 µm, left: × 50, 
right: ×2000 
Element Weight% Atomic% 
C K 14.26 24.42 
O K 40.80 52.44 
P K 0.37 0.24 
S K 0.31 0.20 
Ca K 44.26 22.71 
Totals 100.00  
 
Element Weight% Atomic% 
C K 13.99 23.87 
O K 41.80 53.53 
Ca K 44.20 22.60 
Totals 100.00  
 
 
Figure 6-9 EDX results of P8 USING PVA-
ACG, indicating the composites of healing 
crystals 
Figure 6-7 EDX results of P7 using PVA-








6.3.7 CT scan results and split specimen’s photo 
Figure 6-10 and Figure 6-11 show the CT scan results of specimens P7 and P8. CT scan showed 
even distribution of ACG in the mortar matrix (as highlighted in Figure 6-10, the shaded regions 
were referred to ACG), and ACGs were confirmed broken with the development of crack. 
However, differ to the optical microscopic or SEM results, cracks under the evaluation of CT 
scan showed insufficient healing along the depth of crack. Dense precipitates were noticed 
forming mostly on the surface of approximately 1-2 mm, where the crack remained largely 
open inside the mortar sample. However, via segmentation of the cracks, darkest areas 
presented in Figure 6-10 (b) and Figure 6-11 (b) were believed to be voids, and the whitest 
areas were thought to be dense cement products. In the results of both P7 and P8, some areas 
of the crack presented various degrees of darkness, referring to the dissimilar densities of 
substances within crack. So that it is reasonable to consider some loose particles, or low-density 
powder, were formed within the crack, presenting the less dark colour, like grey. 
Therefore, based on the CT scan results, cracks of P7 and P8 showed apparent but shallow 
healing on the top surface. However, even deeper crack remained open, some less dense healing 
products were believed to be formed on both walls of crack. This hypothesis has been confirmed 
by the cross section of P7 after split shown in Figure 6-12. Compared to REF sample on the 
right, sample P7 showed significant healing, not only on the crack surface, also shown inside 
the deep crack. These healing products performed four phases along the crack depth. First was 
the top surface of crack, where healing crystals were completely blocked the gap showing a 
0.5-1 mm thick dense layer. Followed by a large gap under the healing layer with about 7-8 
mm thick. Under the gap was a loose particle layer up to 15 mm where some minor voids were 







Figure 6-10 CT scan images of P7 mortar using PVA-ACG at 84 days of healing, (a) left: 
original CT scan image, right: place of the slide within the mortar; (b) left: CT scan image, left: 
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Figure 6-11 CT scan images of P8 mortar using PVA-ACG at 84 days of healing, (a) left: 
original CT scan image, right: place of the slide within the mortar; (b) left: CT scan image, left: 
segmented image showing the density of healing products and lower healing degree of 
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6.4.1 Crack closure and self-healing efficiency 
Self-healing efficiency of each specimen can be easily concluded from the results demonstrated 
above. For REF sample, during the entire healing period (84 days), there was no crystal formed 
on the crack surface or within the matrix confirmed by the split observation, indicating its 
limited self-healing capacity. However, water flow test results revealed 36.3% improvement of 
coefficient of REF specimen, showing that the autogenous healing still contributed to the 
recovery of water tightness. As per the negative visual observation results, suggesting that 
autogenous healing related to second cement hydration may occur inside the crack. In the study 
presented by Tziviloglou et al. [125], REF had about 25% and 10% recovery in water 
permeability coefficient at 28 days and 56 days respectively in wet-dry cycle healing treatment. 
But in water immersion treatment, the recovery was about 71% and 80% at 28 days and 58 
days. Therefore, based on the results shown in this study, REF had a relatively low healing in 
wet-dry healing condition, suggesting that more water may be required in autogenous healing 





Through water flow test and visual observation, specimens containing ACG-encapsulated bio-
agents exhibited significantly enhanced self-healing capacity compared to REF. Water flow test 
results were essentially consistent with crack width result, also the optical microscopic images, 
where all specimens presented significantly healed cracks, particularly P7 specimen. All 
bacteria-based specimens illustrated high precipitation rates during the healing period, most 
healing occurred in the first 14 days for most of the bio-mortars. It is reasonable to consider 
that bacteria were in highest activity at the beginning when yeast extract was sufficiently 
supplied. With the consumption of yeast extract, bacterial activities decreased, resulting in 
reduced rate of precipitation. Another possible reason is that formed calcite precipitates blocked 
the penetration of oxygen and further led to hypoxia of bacteria and reduced precipitation rates 
deep inside the crack. 
Noticeably although some cracks were completely closed, as observed by optical microscope, 
minor cracks were visible under SEM. Apart from the possible damage caused by the vacuum 
compression on the thin precipitate within the crack, the original healed crack was thought to 
be possibly remained partially open as well. Based on the precipitation mechanism (Eq 5-1), 
following calculation can be addressed: 
 
CaC#H?O# + 3Ca(OH)! + 5O! 	→ 4CaCO" + 8H!O                                                       Eq.5-1 
 
In this project, the dimension of prism was 40 × 40 × 65 mm. Highest amount of mixings given 
in Table 6-1 in triplicate mortars was 4.55 g of sample P6 to P10. Crack width was assumed to 
be 0.4 mm, and depth was assumed to be 40 mm equalled to the prism’s depth, therefore, the 







As the above formula shows, the volume of crack is calculated first as 0.4 × 40 × 0.5 × 40, 
then divided by the volume of one prism as 40 × 40 × 65 to calculate the ratio of the volume 
of crack to prism, following times the mass of calcium acetate to obtain the mass of calcium 
acetate in the crack region. It should be noted that since 4.55 g was the mass of calcium acetate 
used in three prisms, the final mass of calcium acetate in the crack should be then times 1/3.  
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The amount of precipitated CaCO3 was: 
'.''#?
@M?
× 100 × 4 = 0.012	g 
This calculation is based on the molecular mass of calcium acetate (156) and calcite (100), in 
the chemical reaction, 1 mol calcium acetate can be converted to 4 mol calcite. Therefore, 




Hence, the encapsulated calcium acetate in one prism was only able to precipitate 0.012g (5 
mm3) calcite. 
In the CT scan results and observation on split cross section, the healing products was mostly 
distributed to the top surface with depth of about 0.5-1 mm. Based on the previous calculation, 
it is reasonable to consider that the released calcium acetate was completely decomposed and 
converted to calcium carbonate. The remained gap is highly possible due to the lack of calcium 
source. Even though, the shallow healing on the top surface was still reflected in the great 
recovery of water tightness. However, the shallow healing and the interiorly formed loose 
particles may not achieve recovery of mechanical properties. Same issue were also noticed by 
many studies [127,167,227] revealing the limited, or even negatively developed, recovery of 
strength of BBSHC. 
6.4.2 Comparison between ACG and perlite 
In chapter 5, perlite was utilized as the carrier for bio-agents. In the results, the addition of PBS 
(perlite containing bacterial spores) and PGM (perlite containing growth media) in low dose 
(20%) minorly affected cement hydration, and the bio-specimens showed great healing capacity 
compared to standard mortar specimens. In this chapter, aerated concrete granules (ACG) were 
utilized firstly to determine the higher healing efficiency in the lightweight aggregate 
encapsulation self-healing system. The comparison will be given in these three aspects, i) 
physical properties, e.g., particle size, water absorption coefficient, strength etc., ii) feasibility, 
e.g. encapsulated content, effect on cement hydration, etc., and iii) self-healing performance. 
Although perlite had higher water absorption coefficient than ACG by mass, the replacement 
of standard sand was calculated by volume. Therefore, considering the density, ACG absorbed 
substantially greater amount of bio-agents than perlite at fixed volume. In Chapter 4, by 
replacing 25% standard sand, 2.66g calcium acetate at most was allowed to be encapsulated by 
perlite. In this chapter, by using ACG, 4.55g calcium acetate was applied. Furthermore, even 
both ACG and perlite were sieved to particle size of 1-4 mm, ACG has more smaller size 
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granules (between 1-2 mm) than perlite. So that BBSHC using ACG may have less porous 
structure and strength loss. Results summarized in previous chapter confirmed that mortars with 
high content of perlite (40%, v/v% sand) had 30% less recovery in crack width than mortars 
containing 20% (v/v% sand) perlite. In this chapter, when the ratio of ACG increased from 25% 
(v/v% sand) to 40% (v/v% sand), results showed generally similar recovery in crack with and 
water tightness. So ACG shows overall greater capacity as carrier containing more bio-agents 
at this point. 
Based on the calorimetry results given in previous and this chapter, the addition of both ACG 
and perlite showed no apparent impact on the peak time of heat production rate, no retardation 
of cement hydration was noticed for all samples, indicating the efficiently protect effect of the 
encapsulation and coating. However, high content of both ACG and perlite showed negative 
impact on the cumulative heat produced at the beginning, this might be due to the high dose of 
lightweight aggregate absorbed some produced heat during the cement hydration, or the PVA 
coating related to the chemical reactions or heat absorption. But the cumulative heat trended to 
be similar at end of calorimetry test (72h), demonstrating that the high amount of replaced 
lightweight aggregate had only a minor effect on cement hydration in the long term. Thus, in 
terms of effect on cement hydration, ACG and perlite performed similar characteristics, where 
the only the amount of the encapsulated lightweight aggregate caused the difference in cement 
hydration kinetics.  
As per the results stated in this chapter, ACG-based BBSHM illustrated generally greater 
healing than perlite-based BBSHM. Although PVA-coated perlite-based BBSHM revealed 
highest 100% recovery in crack width, and as high as 97% in water flow healing ratio, ACG-
based BBSHM had overall higher healing ratio in crack width and water flow coefficient, where 
highest results were 100% and 99% respectively.  
Therefore, through the above analysis, it can be concluded that ACG revealed greater potential 
in BBSHC than perlite, so the following experiments were followed using ACG as the carrier 
for bio-agents. 
6.4.3 The effect of content of calcium source and yeast extract on the self-healing 
efficiency 
Given the rank of mix shown in Table 6-6, P7 and P10 shared the highest healing ratio, it can 
be concluded that more calcium acetate and yeast extract generally led to higher healing 
efficiency in BBSHM using non-ureolytic bacteria. It is reasonable to assume that more YE 
contributed to the germination and growth of bacteria and consequently led to a considerable 
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number of bacterial cells in the process of MICP. For P7 and P10, regardless the initial bacterial 
spores’ number, with sufficient calcium acetate (4.9g) and YE (2.2g), the healing ratio in crack 
width and water-flow coefficient achieved almost 100% as given in Table 6-4 and Table 6-5. 
Apparently, for P1 and P3, since the content of calcium acetate reduced to 2.9g, the healing 
ratio slight decreased. For P6, although the amount of calcium acetate stayed high (4.9g), large 
amount of initial bacteria but less YE may be a reason for the weakened healing in this case. 
For P4 and P5, with the reduction in calcium acetate’s content, but increase in both initial 
amount of bacteria and YE, healing ratio was further reduced at this point. For the following 
mixes of P8, P2, and P9, more ACGS or ACGM were used in these cases, which may lead to 
looser structure as described in Chapter 6 about the utilization of perlite. Consequently, these 
mixes showed overall lower healing than the other BBSHM.  
Therefore, it can be concluded that there was a possible range for the bacterial cells’ number 
during MICP to degrade certain amount of calcium acetate. Based on the numbers given in this 
study, the range of bacterial cells’ number during healing, corresponding to 4.9g and 2.9g 
calcium acetate, is assumed to be α and β as shown in Table 6-6. In theory, more initial bacterial 
spores and YE, more bacterial cells will be germinated and grown during healing, Hence, as 
shown in Table 6-7 and Figure 6-13, for mix P6, the final bacterial cells’ amount would below 
the range of α. On the contrary, for mixes of P4 and P5, the bacterial cells’ number during 
healing would beyond β, and consequently these mixes showed overall lower healing. The 
reason for that could be hypothesised as, when bacterial cells’ number lower than the range of 
α or β, bacteria will be insufficient to completely convert the certain amount of calcium acetate. 
On the contrary, when overdose bacterial cells presented during healing, early quick formation 
of calcite may block the pathway for oxygen leading to hypoxia of bacteria and cause slow or 
even stopped MICP in the following period. However, for mix contained same amount of initial 
bacterial spores and YE but more calcium acetate, although the same issue may be raised, the 
sufficient calcium acetate still promotes the MICP even in the scenario of slow MICP. 
In a summary, in hypothesis one, corresponding to certain amount of calcium source, there may 
be a range of bacterial cells’ number during healing, below or beyond the range can reduce the 
efficiency of MICP. In addition, more utilization of ACGS and ACGM was evidenced to 




Table 6-6 Rank of mixes from highest healing to lowest and their corresponding bio-agents' 
amount per gram of cement 
Mix Bacterial spores 
(×109) 
Calcium acetate (g) Yeast extract (g) 
P7, P10 4.0, 2.3 4.9, 4.9 2.2, 2.2 
P1, P3 2.3, 2.3 2.9, 2.9 0.64, 1.1 
P6 4.0 4.9 1.1 
P4 4.0 2.9 1.1 
P5 4.0 2.9 2.2 
P8 (More ACGM used than P6) 4.0 4.9 1.1 
P2 (More ACGM used than P1) 2.3 2.9 0.64 
P9 (More ACGS used than P6) 4.0 4.9 1.1 
 
Table 6-7 Assumed most efficient bacterial cells' number during healing corresponding to 4.9g 
and 2.9g calcium acetate respectively 




Table 6-8 The content of each bio-agents per gram cement in each mix, and the assumed range 
of bacterial cells' number during healing compared to the number given in Table 6-6. The 
highlighted number is the rank of each mix, where higher number means less healing 
Calcium acetate 
(g) 
Initial bacterial spores’ 
number (×109) 
YE (g) Bacterial cells’ 
number during healing 
Mix 
4.9 4.0 2.2 α P7 (1) 
4.9 2.3 2.2 α P10 (1) 
4.9 4.0 1.1 < α P6 (3) 
2.9 2.3 1.1 β P3 (2) 
2.9 2.3 0.64 β P1 (2) 
2.9 4.0 1.1 > β P4 (4) 







Figure 6-13 Potential relationship between bacterial cells’ amount and calcium acetate in terms 
of the optimal range 
Note: The blue and red area refer to the range of α and β respectively 
 
6.5 Conclusion 
The following conclusions can be addressed based on the study in this chapter: 
• Calcite was massively produced in ACG-based BBSHM, and the bio-specimens 
revealed substantially developed healing capacity compared to REF. 
• Bio-specimens’ calcite precipitation rates reduced with time, but some specimens still 
showed improved healing at 84 day. Possible reason for that is, although consumption 
of yeast extract may considerably slow down the precipitation, some bacteria may still 
remain viable for 3 months or more after cracking.  
• Calcite was more likely to be precipitated in area more accessible to atmosphere, 
oxygen was possibly to be the main reason by affecting the bacterial activity and 




Calcium acetate (gram) 
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• Small amount of calcite in low density/powder foam was formed within the deep crack, 
and possibly contributed to the crack healing in the recovery of water-resistance 
property of the specimen. 
• ACG showed generally greater potentiality as bio-agents’ carrier than perlite in 
BBSHM regarding to the higher density, greater water absorption coefficient, healing 
performance of mortars, etc. 
• Potentially proportional relationship may present between the dosage of bacteria, yeast 
extract and calcium source referring to the optimization of BBSHC’s healing 
efficiency, a possible range of bacterial cells’ number during healing may be raised 




7 Chapter 7 The utilization of calcium nitrate as calcium source for 
non-ureolytic bacteria 
7.1 Introduction 
Given the results in Chapter 5 and 6, calcium acetate has been successfully used as calcium 
source for MICP in BBSHM. However, to encapsulate yeast extract and calcium acetate, based 
on the description of Alazhari [1], at least 70% (by volume) of carrier (LWA) in BBSHM should 
be used. Therefore, to reduce the utilization of lightweight aggregate, relieving the negative 
impact of introducing encapsulated lightweight aggregate on the strength loss of BBSHM, 
growth media is considered to be directly added into cement matrix during the mixing process.  
Calcium nitrate (Ca(NO3)2) is an inorganic compound, commonly used as an accelerator 
admixture in concrete manufacture that could act as an alternative calcium source in terms of 
MICP. In this case, the accelerating effect of calcium nitrate on cement hydration, may also 
compensate for the retarding effect of yeast extract. Therefore, it was considered that all growth 
media could be added directly to the cement matrix eliminating the need of encapsulation.  
During the accelerating process, calcium ion causes saturation of calcium in the fluid with 
respect to calcium hydroxide, and therefore shorter time to the alite hydration and 
crystallization [248]. According to Justnes and Nygaard [249], compared to calcium acetate 
(Ca(CH3COO)2) and calcium formate (Ca(HCOO)2) , calcium nitrate shows greater accelerator 
effect, which may be due to the less complex formation of the anions (NO3-), meaning that the 
overall chemical equilibrium of the paste fluid experienced more effective concentration of 
Ca2+. In the MICP, bacteria act as catalyst in the conversion of calcium source to calcite, 
particularly in degrading (CH2O)n to CO32- ions. However, possibility of calcium nitrate of 
being used as calcium source in non-ureolytic MICP is unknown. Based on studies in previous 
chapters, non-ureolytic bacteria showed great possibility of converting calcium hydroxide into 
calcite, therefore calcium nitrate, as a calcium salt, is possibly able to be used as calcium source 
in MICP as well. 
In this chapter, calcium nitrate was investigated as calcium source for non-ureolytic MICP, the 
investigation was conducted in microbial-scaled test and application in bacteria-based self-




7.2 Experimental programme 
7.2.1 Microbial test of using calcium nitrate as calcium source for non-ureolytic 
bacteria 
To better determine the potential of using calcium nitrate as calcium source for non-ureolytic 
bacteria, tests in microbial scale were conducted by conducting microbial test on medium agar 
using both calcium acetate and calcium nitrate. Growth media were prepared by mixing 450 ml 
Lysogeny broth (LB) supplemented with small content of buffer (pH 8.0) to adjust the pH to 
alkaline. The pH 8 buffer consists of 100ml l-1 Na-sesquicarbonate (Na-sesquicarbonate 
composition per litre, NaHCO3 42g and Na2CO3 anhydrous 53g). The detailed mixing 
proportions of samples are given in Table 7-1. Calcium nitrate and calcium acetate were used 
individually in each series. Some control samples without bacteria were designed to eliminate 
the influence of calcium source or yeast extract on the calcite precipitation. Varied yeast extract 
concentration (1 g/l. 2 g/l, and 4 g/l) were used, calcium sources’ concentration was fixed to 10 
g/l. Triplicate samples of each mix were made, where one of them was taken for test each time.  
Bacterial cells’ number, pH changes and rate of precipitates production over time were 
evaluated. The viable bacterial cells’ number was determined by colony-forming units (CFU) 
by the plate count method. pH value was recorded from aliquots of the culture using a pH 
electrode (Jenway 924 030. Cole-Parmer, Staffordshire UK) coupled to a pH meter (Jenway 
3510 pH meter). The insoluble precipitates were recovered by centrifugation (2200 × g, 2 
minutes at room temperature (RT)) and washed three times in 50 ml distilled water to remove 
planktonic cells and culture medium before oven drying at 50 °C for 48 hours. Results of 
bacteria-added samples were recorded at 0 day (immediately after addition), 3 days, 5 days and 
7 days, and results of control samples were only measured at 7 days, and the results of previous 








Table 7-1 Detailed mixing proportions of samples using calcium nitrate and calcium acetate for 
non-ureolytic bacteria in microbial test 
Samples Calcium acetate 
(g/l) 
Calcium nitrate (g/l) Yeast extract 
(g/l) 
Bacterial cells 
CN-1 0 10 1 1.2 × 107 
CN-2 0 10 2 1.1 × 107 
CN-4 0 10 4 2.5 × 107 
CNCL-1 0 10 1 0 
CNCL-2 0 10 2 0 
CNCL-4 0 10 4 0 
CA-1 10 0 1 1.16 × 107 
CA-2 10 0 2 9.3 × 106 
CA-4 10 0 4 4.43 × 107 
CACL-1 10 0 1 0 
CACL-2 10 0 2 0 
CACL-4 10 0 4 0 
Note: Calcium source and yeast extract with the correct concentration were firstly dissolved in 50 ml LB solution, 
and then mixed with the 450 ml alkaline (pH 8) LB solution to create the growth media. After that, 200 ml growth 
media were added by bacterial cells and kept in flask sealed by sponge and aluminium foil. CN referred to calcium 
nitrate-based samples, and CA referred to calcium acetate. CNCL referred to control sample using calcium nitrate 
but without bacteria, and CACL referred to that using calcium acetate. 1, 2, and 4 g/l yeast extract were adapted in 
each series. 
 
7.2.2 Mixing proportions 
In this chapter, growth media of bacteria, calcium nitrate and yeast extract, were directly added 
into cement mortar matrix by dissolving in the mixing water. Bacterial spores were vacuum 
encapsulated in ACG to prevent any early death. The encapsulation and coating followed the 
same process as ACG-based BBSHC described in Chapter 6.  
The mixing proportions are given in Table 7-2. In this study, specimens were cast by size of 
40×40×65 mm. Three samples were made, where REF stood for standard cement mortar mixing, 
CTRL was control sample with direct addition of only growth media in the matrix, and BIO 
sample was BBSHM sample containing directly added GM and encapsulated bacteria. The 
mass of bio-agents followed the same with previous experiment, 6% (by volume) of original 
standard sand has been replaced by ACGS. For sample BIO, 5.4g ACGS were used, where 3.54 




Table 7-2 Mixing proportions of mortars using calcium nitrate as calcium source, REF was 
standard mortar mixing, CTRL contained directly added calcium nitrate and YE in mortar, and 
based on the mixing of CTRL, BIO had PVA-ACG-encapsulated bacterial spores  
Specimens Cement 
(g) 
Water (g) Standard 
sand (g) 
ACGS (g) ACGM (g) Yeast extract (g) Calcium 
nitrate(g) 
REF 92 46 276     
CTRL 92 46 276 - - 1 4.55 
BIO 92 46 260 5.4 - 1 4.55 
Note: REF is the standard mortar sample, CTRL is sample directly added by growth media, and BIO is sample with 
addition of ACG-encapsulated bacterial spores and direct added growth media in the matrix. 
 
7.2.3 Effect of direct addition of GM on the cement hydration products 
To determine the potential effect of direct addition of GM (calcium nitrate and yeast extract) 
on the cement hydration, three cement paste samples were cast, and the mixing proportions are 
given in Table 7-3. REF, YE, and GM. REF was the standard cement paste sample. YE was 
cement paste sample added by sole yeast extract, with the same ratio to cement as given in the 
mortar prism sample by mass, to investigate the retarding effect of YE on cement hydration. 
GM sample was cement paste with direct addition of calcium nitrate and yeast extract keeping 
the same ratio to cement as the mortar prism CTRL sample.  
Table 7-3 Mixing proportions of paste samples subjected to calorimetry test to investigate the 
retarding effect of YE and calcium nitrate 
Specimens Cement (g) Water (g) Yeast extract (g) Calcium nitrate(g) 
REF 10 5   
YE 10 5 0.1 0 
GM 10 5 0.1 0.5 
 
Cement mortar samples were cast as well, with addition of sand, referring to REF, CTRL and 
BIO. REF was the standard mortar sample, CTRL was the cement mortar sample with direct 
addition of GM and BIO was the sample added by GM and PVA-ACG. The mixing proportions 
of all samples kept the same ratio as sample given in Table 7-2, but the mass of cement was 
10g for both cases of paste and mortar calorimetry samples.  
To determine the effect of adding GM on the chemical compounds of cement paste sample, 
XRD and TGA were conducted on REF and GM paste sample. Mixing proportions were as per 
the paste sample in the calorimetry test. Samples in discs of 100 mm diameter and 5 mm 
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thickness were cast and cured in water for 28 days, and then been smashed and polished into 
fine powder for XRD and TGA test. 
7.2.4 Healing regime and testing methods 
Specimens were stored in the wet-dry cycle regime (described in Chapter 5.2.2) for 84 days. 
Initial cracked specimens and healed specimens were subjected to the following tests: 
• Optical microscope: Specimens were visually observed to assess the healing 
phenomena after14 days, 28 days, 56 days, and 84 days. 
• Isothermal conduction calorimeter: Since the direct addition of calcium nitrate and 
yeast extract may impact cement kinetics, isothermal conduction calorimetry recorded 
the cement hydration process. First series of the calorimeter test was conducted only 
on cement paste sample being referred to REF, YE and GM. Second series of the test 
was conducted on mortar samples with the same mixing proportions of the mortar 
samples designed in Table 7-2. 
• Water-flow test: As described in previous chapters, water-flow test (Chapter 4.5.2)  was 
used to assess the healing ratios of specimens regarding the specimens’ water-
resistance property. 
• SEM&EDX: As the common visual observation testing methods, SEM was routinely 
used to detect the morphologies of healing products. At the meantime, EDX was 
conducted to analyse the elementary compositions of the healing products. 
The paste samples were cured in water for 28 days, afterwards, the samples were grounded into 
powder for the following tests: 
• TGA was carried out as described in section 4.6.5. 
• XRD: X-ray Powder Diffraction was conducted as given in section 4.6.4, as the added 
GM may cause chemical reaction with either cement or cement hydration products. 
 
7.3 Results 
7.3.1 Microbial test results 
In the microbial test, bacterial cells’ number, pH value and the precipitates’ amount were 
recorded over time. The results of microbial tests are given in Figure 7-1, Figure 7-2 and Figure 
7-3. For bacterial cells’ number, in general, both CA and CN samples using 4 g/l YE showed 
greatest increase, followed by samples using 2g/l YE, whereas 1 g/l YE samples revealed 
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lowest. As the pH results show, it should be noted that for CA samples, only 4 g/l YE bacteria-
based sample revealed apparent increase at 7 days, but the other samples demonstrated either 
slightly increase or decrease at 7 days. For CN samples, similarly, only bacteria-based 4 g/l YE 
sample illustrated slightly increased value at 7 days, but others either generally unchanged or 
decreased. As per the comparison between CA and CN samples, 4g/l YE samples of both cases 
illustrated highest pH value among each series, which is accordance with the findings obtained 
by Seifan [208]. Furthermore, similar final values were found on samples with same YE content 
in each series. Therefore, it can be concluded that YE content presented similar effect on pH 
changes regardless of the calcium source. However, although 4g YE led to higher final pH 
value which might be due to the increase of bacterial amount, this promoting effect was less 
effective. This could be explained as non-ureolytic bacteria could only slowly and locally 
increased the pH whereas ureolytic bacteria could cause rapid and widespread increase of pH 
[250]. 
In the results of precipitates’ amount, all bio-based CA samples presented more precipitates 
than all other control samples, and the precipitates’ amount increased with the increase of YE. 
All these control samples in CA series presented similar quantities. CN samples, both bio- and 
control samples, showed overall significantly lower amounts of precipitates than CA samples. 
For CN-based control samples, the amount rose with the increase of YE content. However, the 
bio-samples demonstrated dissimilar trend, where CN-1 produced less precipitates than CN-2 
at the beginning but quickly surpassed at 5 days. In accordance with previous results, CN-4 still 





Figure 7-1 Bacterial cells' number per liter changes of microbial samples using calcium nitrate 
and calcium acetate over time at 0, 3, 5, and 7 days 






Figure 7-2 pH changes of microbial samples using calcium nitrate and calcium acetate over 
time at 0, 3, 5, and 7 days 
Note: control samples referring to CTRL contained yeast extract and calcium acetate/calcium nitrate only without 






Figure 7-3 Calcium carbonate precipitation rate over time 
Note: control samples referring to CTRL contained yeast extract and calcium acetate/calcium nitrate only without 
bacterial cells. Samples containing 1, 2, and 4g/l yeast extract were designed and displayed. 
 
7.3.2 Hydration kinetics 
The calorimeter test results are given in Figure 7-4, Figure 7-5 and Figure 7-6. For the cement 
paste samples, REF sample peaked at about 12 hours, while for the YE sample the peak time 
was approximately 30 hours. For the GM sample, which contained both calcium nitrate and 
yeast extract, the first peak time has been shortened to about 15 hours. However, a second peak 
with higher rate was noticed in GM sample with the time at about 24 hours. Even though, the 
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cement hydration rate has been significantly improved compared to YE sample, indicating the 
accelerating effect of calcium nitrate. 
For the cement mortar samples, the peaking time of REF has been shortened to approximately 
8 hours, while CTRL and BIO showed at 15 and 22 hours respectively. The peak time 
essentially reflect the rate of hydration and each phase, so that the hydration of BIO sample was 
believed to be accelerated to some extent compared to CTRL, indicating that the addition of 
PVA-ACG may alleviate the retarding effect of GM. In the cumulative heat results, REF 
produced significantly more heat than CTRL and BIO, and the addition of GM negatively 
affected the heat production. Moreover, CTRL and BIO sample illustrated negative cumulative 
heat at the beginning, which may be due to the dissolution of the GM absorbing heat to some 
extent. 
 
Figure 7-4 Heat production rate of the cement paste mixings 
Note: REF was the standard cement paste sample, YE was the cement paste sample containing yeast extract (1% of 
cement by mass). GM was the cement paste added by yeast extract (1% of cement by mass) and calcium nitrate (5% 





Figure 7-5 Heat production rate of cement mortar mixings 
Note: REF was the standard cement mortar sample, CTRL was the cement mortar sample containing yeast extract 
(1% of cement by mass). CaN-direct was the cement mortar added by yeast extract (1% of cement by mass) and 
calcium nitrate (5% of cement by mass). 
 
 
Figure 7-6 Cumulative produced heat of the cement mortar mixings 
Note: REF was the standard cement mortar sample, CTRL was the cement mortar sample containing yeast extract 
(1% of cement by mass). CaN-direct was the cement mortar added by yeast extract (1% of cement by mass) and 




7.3.3 Flexural strength 
The flexural strengths (corresponding to the cracking stress) of mortars are given in Figure 7-7. 
It can be seen that the CTRL sample revealed highest flexural strength reaching 8.82 MPa 
whereas BIO sample demonstrated lowest (7.87 Mpa). For the sample CTRL, although early 
retardation of cement hydration was noticed, by adding calcium source, the strength may be 
enhanced due to the more formation of calcium-based cement products, e.g., CSH, CH, or 
calcium carbonate. However, for sample BIO, by replacing partial standard sand, the strength 
was weakened to about 7.87 MPa, the strength loss was about 8% compared REF sample. 
Overall, the dissimilarity of strength between the mixes is generally acceptable and promising 
in terms of industrial application.  
 
Figure 7-7 Flexural strength of specimens 
 
7.3.4 Crack width 
Crack width of each mortar specimen was recorded by optical microscope, and the healing ratio 
(RW) was calculated based on Eq. 4-5. Reasonably that REF sample revealed 0 in healing ratio 
at 84 days, reflecting the same unhealed crack as previous chapters showed. Sample CTRL and 
BIO presented 80% and 100% healing ratio respectively. However, as the initial crack width of 
CTRL sample was considerably smaller than that of BIO sample, the healed crack volume of 
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BIO was suggested to be significantly greater than CTRL. Even though, CTRL still 
demonstrated substantial healing over the healing period, the extra added calcium source in the 
matrix, leading to enhanced autogenous healing, may be the reason. As discussed in the flexural 
strength, the direct added calcium nitrate was possibly presented in the form of CSH, CH, 
CaCO3, or the free calcium ion. Therefore, in the healing process, these calcium-based minerals 
may be involved in carbonation, second hydration, or efflorescence etc. And these processes 
were likely to produce the white crystals, which were mainly calcium carbonate, blocking the 
crack.  
Table 7-4 Mean values of initial and final crack of all mortars and healing ratio (RW) 
Specimens Initial crack size (mm) Final healed crack size (mm) Healing ratio (Rw%) 
REF 0.38 0.38 0 
CTRL 0.21 0.04 80% 
BIO 0.52 0.00 100% 
Note: initial crack width was measured at 0 days, final crack width was obtained at 84 days. Healing ratio RW was 
calculated by Eq.6-1. 
 
 




7.3.5 TGA and XRD results 
Figure 7-9 and Figure 7-10 show the TGA and XRD results of REF and CTRL paste samples 
which were water cured for 28 days. In the REF’s TGA graph, as sample was oven dried at 
50 ̊C, peak 1 is commonly accepted as the water loss of ettringite 
(3CaO·Al2O3·3CaSO4·32H2O) [251]. Peak 2 in REF corresponds to when portlandite 
(Ca(OH)2) dehydroxylates to CaO and water at approximately 460 °C. Peak 3 refers to the 
decomposition of calcite (CaCO3) to CaO and H2O. In the result of CTRL sample, peak 1 is 
believed to be the same with REF sample referring to the ettringite, and peak 2 is considered to 
be the decomposition process of gypsum (CaSO4·H2O) to anhydrite (CaSO4) around 100-150 
°C. Peak 3 in CTRL clearly showed higher content of portlandite compared to REF. But peak 
4 in CTRL suggested similar content of calcite as REF. The decomposition of CSH occurred at 
temperature ranging from 105 to 1000 °C, according to Zhang and Ye [252], the weight loss at 
the temperature of 600 to 700 °C in both REF and CTRL is considered to be the decomposition 
of CSH. 
In the comparison between REF and CTRL in XRD, CTRL formed less ettringite, but the 
presence of gypsum in CTRL shown in XRD result was consistent to the result obtained by 
TGA. Furthermore, in the XRD result, obviously that more CH were detected, confirming the 





Figure 7-9 TGA results of paste REF and CTRL sample at age of 28 days of curing 
 




7.3.6 Water flow test results 
In the water flow results of specimens presented in Table 7-5, the healing ratio (RP%) of all 
specimens were overall higher than that in crack width (RW%), where the water flow coefficient 
of CTRL reached 98% in this case, and BIO revealed 100%. REF also had 36% in the 
coefficient recovered at 84 days, indicating the presence of autogenous healing which 
contributed the recovery in water-tightness. According to the healing ratio (RP%) changes over 
time (Figure 7-11), the improvement of water flow coefficient of CTRL only happened at 28 
days and remained unchanged in the following period. For BIO sample, although most 
improvement of water-flow coefficient occurred at the first 28 days as well, the Rp consistently 
but slightly increased in the following period. 
Based on the previous analysis, the healing mechanism of CTRL mainly depends on the 
saturation and chemical reaction of calcium, carbon, and oxygen ions. Therefore, the healing 
noticed in CTRL is considered to be the simulated autogenous healing, and the chemical 
reactions are believed to start immediately while contacting water and carbon dioxide, and the 
depletion of calcium-based minerals can lead to the completion of the simulated autogenous 
healing in CTRL sample. This may explain the phenomena that CTRL revealed healing only at 
the first 28 days, but BIO sample had continuous healing over 84 days.  
 
Table 7-5 Mean values of initial and final (at 84 days of healing) water permeability coefficient 
and their corresponding healing ratio (RP) of mortars using calcium nitrate 
Specimens Initial water flow coefficient (cm/s) Final water flow coefficient (cm/s) Healing ratio (RP%) 
REF 0.056 ± 0.02 0.036 ± 0.03 36% ± 2% 
CTRL 0.033 ± 0.05 0.00 ± 0.02 98% ± 1% 
BIO 0.046 ± 0.03 0.000 ± 0.00 100% ± 0% 
Note: initial water flow coefficient was measured at 0 days, final value was obtained at 84 days. Healing ratio RW 





Figure 7-11 Water flow coefficients of mortars using calcium nitrate as calcium source over the 
healing period at 0, 28, 56, and 84 days 
 
7.3.7 Optical microscopic results 
In the Figure 7-12, the progression of crack healing of REF, CTRL and BIO samples are shown. 
Visually the REF sample did not produce healing crystals, which is consistent with Chapter 5 
and Chapter 6. CTRL and BIO revealed formation of large quantities of white crystals at 7 days. 
It should be noted that although CTRL revealed early formation of large quantities of white 
crystals at 7 days, the healing progress was more likely to stopped or slowed in the following 
days. BIO sample presented different healing progression, where the original wide crack was 
healed to a small (~0.01 mm) remaining gap at 7 days and further completely sealed at 14 days. 
The crystals were continuously precipitated in the following days as more crystals can be 
observed on the top of healed crack. Noticeably, after the sealing, more white crystals were 





Figure 7-12 Progression of cracks of mortars using calcium nitrate over healing period at 0, 7, 
14, 28, 56, and 84 days, (a) REF, (b) CTRL, (c) BIO 
 
7.3.8 SEM and EDX results 
In Figure 7-12, CTRL sample showed the resulting crack with size of approximately 40 µm. 
Various size of rhombic crystals were largely formed along the crack. Based on the EDX ions’ 
weight ratio given in Figure 7-13, the crystals were believed to be calcium carbonate mainly. 
Although BIO sample presented the crack visibly sealed in microscope, minor gap with size of 
about 10 µm was detected under SEM. Differ to CTRL, crystals formed on BIO revealed flatter 
microstructure, where flaky precipitates were formed mainly on the top and vicinity of the 
crack. Similar elements and weight ratio were noticed on BIO being analysed by EDX, 
indicating the high possibility of calcite of the precipitate. Theoretically, healing products of 






CSH, and CH, but the healing products of BIO were believed to be microbially produced. This 





C K 13.26 21.42 
O K 50.25 60.92 
Ca K 36.49 17.66 








Figure 7-13 SEM and EDX results of CTRL sample 
at 84 days of healing, SEM was used to measure the 
crack size and detected morphologies of healing 






Rhombic healing crystals 




Element Weight% Atomic% 
C K 10.48 18.75 
O K 41.16 55.30 
Ca K 48.37 25.94 




7.3.9 CT scan results 
CT scan is a non-destructive testing method being conducted to detect the inner crack. In Figure 
7-15, the inner crack of sample BIO is given. Differ to the surface visually sealed crack, the 
interior crack remained open stretching from about 0.5-1 mm under the surface to the middle. 
Similar finding to previous chapters, the healing mainly happened on the shallow top surface 
or deeper down to the bottom. The surface healing might be due to the more accessible oxygen 
to bacteria, and the deeper crack was much narrower than the open surface crack, so that with 
the settlement of bio-agents, it was easier to be filled by the precipitates. 
 
Figure 7-14 SEM of BIO sample indicates the flat 
and flaky healing crystals, and EDX results 
reveals the elementary composites of healing 
products 
10 µm 





Figure 7-15 CT scan cross sectional image of BIO sample at 84 days of healing showing the 
surface healing and healing occurred within the crack (deeper healing) 
 
7.4 Discussion 
7.4.1 Crack closure and self-healing efficiency 
For the MICP pathways, like urea hydrolysis pathway, urea (CO2(NH2)2) is added directly to 
the concrete during mixing [127,156]. When the crack occurs, the ureolytic bacteria, such as 
Bacillus sphaericus LMG 22257 [160], hydrolyse urea to ammonia and carbonic acid. Under 
equilibrium conditions HCO2-3  ions and OH
- ions form raising the pH and ultimately forming 
CO2-3  ions [218]. However, the release of ammonia as byproduct of hydrolysis of urea is 
considered disadvantageous due to the excessive environment loading [157]. Alternatively, 
organic salt, such as calcium acetate and lactate, can be used. The oxidation of these calcium 
salts leads to the formation of CO2 and H2O by involving appropriate bacteria, and in the 
alkaline environment carbonic acid and in turn CO2-3 ions can be further formed. However, 
direct addition of yeast extract causes retardation of cement hydration. Therefore, calcium 
nitrate, as an accelerator in cement hydration and also an organic calcium salt, is considered to 
be added into cement with yeast extract simultaneously to compensate the retardation caused 
by yeast extract.  
The study in this chapter strongly evidenced the potential to use calcium nitrate as calcium 
source for the non-ureolytic MICP pathway in BBSHM. Based on the microbial experiment 
conducted in the media revealed the great feasibility of using calcium nitrate as calcium source 





the starting pH in the media was 8, which was much lower than the pH in concrete, thereby the 
MICP process occurs in concrete matrix might be different. Based on the conversion chemical 
reaction and molecular weight balance, 2g calcium nitrate, being added in each single flask in 
this test, should be able to produce 1.2g calcite. But the maximum precipitates’ amount at 7 
days was 0.6g, indicating that the maximum conversion effectiveness was only 50%. Some 
reasons may be derived: 
• To form calcite (CaCO3), ions of calcium, carbon and oxygen which are required are 
missed in calcium nitrate (Ca(NO3)2). Therefore, in this study, carbon and oxygen is 
believed to be provided either by YE or atmosphere. During the test, the flask 
containing media was covered by sponge and alumina foil, which may lead to the lack 
of oxygen during the test and further negatively impact the precipitation rate. 
• Some studies stated that the effectiveness of ureolytic bacteria-based MICP process 
was found to be greatly improved in the pH range of 7-9 [160,210] In this study, 
although the starting pH reached 8, higher pH closing to 9 might be greater for the non-
ureolytic bacteria. 
• With the increase of YE, more calcite was precipitates, it is reasonable to consider that 
the amount of YE designed in this study might not be able to germinate enough bacteria 
to completely decompose calcium nitrate, which means to produce 1.2 g calcite, more 
YE may be required. 
• The curve clearly showed the increasing trend of the calcite amount, hence more calcite 
might be produced in the following period and may reach 1.2 at some point in the 
future, and this may need to be further investigated in the future.  
 
In the mortar sample experiment, REF clearly illustrated no healing precipitation, although BIO 
showed highest healing degree, CTRL revealed significant healing precipitation as well. Water 
flow test and visual observation confirmed the calcite formation on both BIO and CTRL which 
occurred mainly at the first 28 days. However, CT scan result suggested that the formed healing 
product was insufficient to completely fill the crack. According to XRD, the direct added 
calcium nitrate may be dissolved in the matrix and presented as ions’ format. The dissolved 
calcium nitrate provided extra calcium source to the cement hydration and consequently led to 
more formation of Ca(OH)2 suggested by TGA. In CTRL, the healing precipitates originated 
from either enhanced autogenous healing caused by large content of CH or free calcium ions 
presented in the matrix which was carbonated to calcite. But for Bio sample, in the presence of 
bacteria, some potential calcium source, e.g. Ca(OH)2 or free calcium ions etc., provided by 
dissolving calcium nitrate could be used in the MICP. BIO sample presented greater healing 
than CTRL, the following reasons might be addressed: 
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• MICP had higher conversion efficiency than the simulated autogenous healing in 
CTRL. This is probably caused by the differences between the mechanisms, which 
means MICP can use more calcium source than the autogenous healing. In the 
autogenous healing, calcium was involved in the chemical reaction in the form of 
dissolved Ca2+. MICP may be able to use not only Ca2+ but other calcium presented in 
the solid minerals like CH or CSH. 
• In the BIO sample, calcite precipitation is not only attributed to MICP, but autogenous 
healing occurred simultaneously. Therefore, compared to the sole autogenous healing 
in CTRL, BIO sample is suggested to have more calcite precipitated. 
 
Therefore, this study confirmed the feasibility of using calcium nitrate in MICP for non-
ureolytic bacteria. Furthermore, by direct adding the growth media in the concrete matrix, the 
manufactory process of BBSHC is significantly simplified. Consequently, based on the results 
obtained in this study, calcium-based dissolvable accelerator is considered to be one of the most 
feasible calcium sources in the BBSHC. Therefore, besides calcium nitrate, more calcium-
based accelerator can be considered as the calcium source and studied in the future.  
7.4.2 Comparison between the utilization of calcium nitrate and calcium acetate 
In the microbial test, both calcium acetate and calcium nitrate have been detected terms of the 
possibility as calcium source in the MICP. In the results, calcium acetate performed generally 
greater precipitation effectiveness. Among all samples, only CA-4 presented slightly greater 
bacterial cells’ number than CN-4, but other samples in each YE concentration had generally 
similar results between CA and CN samples terms of the bacterial and pH changes. Therefore, 
yeast extract is essentially believed to have no apparent impact on MICP in terms of different 
calcium source. But YE content significantly increased the bacterial cells’ number and 
precipitate, amount, particularly in 4g/l concentration, where both CA and CN samples 
expressed 3-4 times higher cells’ concentrations at 7 days. However, CA-based samples 
precipitated significantly more calcite than CN-based samples in each YE concentration, 
suggesting the greater conversion effectiveness. According to the analysis above on the 
conversion mechanism of calcium nitrate, besides calcium and bacteria, the environment and 
YE content may impact the conversion effectiveness as well. But calcium acetate 
(Ca(C2H3O2)2) contained all elements needed in the conversion, so that the effectiveness may 
only depend on the calcium source and bacteria content. As the precipitates’ results suggested, 
although the precipitates’ content rose with the increase of YE content, CA-4 has produced 
about 1.2g calcite from the original 2g calcium acetate, the conversion effectiveness reached 
100%. In this case, 4g/l YE was suggested to be able to grow sufficient bacterial cells to fully 
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convert calcium acetate. In the CN samples, bacterial cells’ number was thought to be 
essentially similar to CA samples, following reasons may state the reason that less precipitates 
were formed in the CN-based samples: 
• In the MICP using calcium nitrate, more bacteria may be needed in terms of capturing 
carbon and oxygen from the environment. 
• In the MICP of CN samples, carbon may come from carbon dioxide in the atmosphere 
or the YE in the growth media. Therefore, the less precipitates may be due to the lack 
of carbon. 
• In the CN samples, carbon also need to be exteriorly provided by either YE or 
atmosphere, and the lack of carbon is suggested to be one of the possible reasons.   
• CA-based control samples illustrated overall greater precipitation than CN-based 
control sample, indicating that in the alkaline condition, calcium acetate might be easier 
saturated out than calcium nitrate. Consequently, calcium acetate sample had greater 
amount of precipitated calcite. Furthermore, the molecular mass of calcium acetate is 
less than that of calcium nitrate, so in the case of same amount of calcium source, 
calcium acetate contains more Ca2+ than calcium nitrate. 
 
In the mortar samples’ performance, CA and CN samples showed similar great healing in terms 
of both visual observation and water flow test. The main differences between CA- and CN- 
based samples are given as below: 
• CA and CN samples revealed generally similar weakened flexural strength compared 
to REF sample. As shown in Error! Reference source not found., CA sample reached 8
.64 MPa as the highest and 8.44 MPa as the average, and CN sample - BIO in this 
chapter - reached 7.87 MPa. 
• In the visual observation, both CA and CN sample presented complete top crack seal. 
But in CT scan, none of them revealed complete healing along the depth of crack, where 
only top shallow surface and bottom area has been filled. 
• In the water flow test results, CN sample achieved 100% in RP while highest CA sample 
illustrate 99.1%. In this case, CN sample is considered to have slightly greater healing 
performance than CA sample. 
• In the terms of the morphologies of healing products, as shown in Figure 7-16, CA 
sample illustrated more irregular and round shape crystals, but CN sample had more 
flaky and angular crystals. The difference may be related to the calcium source types. 
Xu and Yao [192] noticed some differences in the morphologies of carbonation 
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products caused by the calcium source before. Therefore, the dissimilar microstructures 
of healing products may be attributed to the utilization of calcium acetate and calcium 
nitrate, which need further study. 
 
Figure 7-16 SEM image of calcium acetate-based (left) and calcium nitrate-based (right) mortar 
sample 
Note: Left is SEM image of calcium acetate-based mortar, and right is SEM image of calcium nitrate-based mortar. 
CA sample illustrated more rhombohedral and round shape crystals, while CN sample demonstrated most of flaky 
crystals. 
 
Generally, calcium nitrate was confirmed to be less efficient than calcium acetate in the 
microbial test but performed greater in mortar samples. Considering the different environment 
in the mortar sample, following reasons can be addressed: 
• Embedded calcium source may not be the only calcium source to MICP, some other 
cement hydration products can also provide calcium to bacterial precipitation. 
• The samples were open exposed to atmosphere where abundant oxygen was supplied, 
resulting in increased the conversion effectiveness. 
• Addition of calcium nitrate in cement mortar matrix led to more chemical reactions 
with cement particles during the hydration, and more calcium source which are 
available to bacteria can be consequently produced. 
 
Overall, calcium nitrate showed great potential as calcium source in BBSHC through the study 
in this chapter. The healing effectiveness has reached 100% in both crack width and water flow 
coefficient. However, some issues, e.g. failed healing inside the mortar sample, high-extent 
healing found on CTRL sample, still retarded cement hydration etc., are needed to be solved in 
the future. Compared to calcium acetate, calcium nitrate facilitated the manufacturing process, 
CA                                                                           CN 
Rhombic healing crystals 
Spherical healing crystals 




and achieved equal or even greater healing. This finding strongly evidenced the possibility to 
use calcium nitrate as an alternative calcium source in the future. 
 
7.5 Conclusion 
Based on the study above, the following conclusion can be addressed: 
• Although the direct addition of calcium nitrate and YE into the cement mortar sample 
caused retardation to cement hydration, about 6 hours, calcium nitrate was confirmed 
to significantly compensate the retardation of YE. 
• Calcium nitrate could be used by bacteria to generate MICP as confirmed by based on 
both microbial and mortar sample tests.  
• YE content showed governing effect on the bacterial cells’ and calcite precipitates’ 
content. Only when YE concentration reached the required content, the embedded 
calcium source can be fully converted. However, mortar may provide more calcium 
source, which may be investigated in the future. 
• Based on the chemical elements, in the process of MICP using calcium nitrate, external 
supplement of carbon was required but calcium acetate based MICP does not. Thereby, 
in the microbial test, calcium acetate, corresponding to the theory, performed greater 
than calcium nitrate samples. 
• Calcium nitrate could be presented in ions form once being added into mortar matrix. 
The extra added calcium may enhance the formation of CH, CSH or gypsum, and 
further led to improved autogenous healing noticed on CTRL sample. 
• Calcium nitrate mortar sample performed generally greater than calcium acetate 
sample, although the defined mechanism is still unknown, as other calcium source, like 




8 Chapter 8 Effect of carbonation on bacteria-based self-healing of 
cementitious composites 
8.1 18Introduction 
For bacteria-based self-healing concrete, crack healing is achieved by the microbial induced 
calcite precipitation (MICP). In the process of MICP using non-ureolytic bacteria, as the 
description given in Chapter 3.2, calcium and carbon ions are involved in the process to promote 
the reaction to form calcium carbonate [125,245,253,254]. Therefore, to facilitate MICP 
process, a number of requirements are listed [255]: i) a sufficient concentration of dissolved 
inorganic carbon (DIC) is needed in the environment to trigger the formation of CO32- and local 
changes of the pH value. To fill the crack, this concentration within the vicinity of crack is 
particularly essential, ii) bacteria may act as a nucleation point for attracting Ca2+ into the 
negatively charged surface, hence a relatively high amount of bacteria is required to enhance 
the healing efficiency, iii) sufficient quantities of Ca2+ and CO32+ ions are required to produce 
CaCO3.  
Different types of calcium source, calcium acetate and calcium nitrate, were investigated in this 
research as presented in Chapter 5-8. However, when added or released into cementitious 
composites these dissolve resulting in the formation of calcium hydroxide, which is most 
probably the source of calcium used by the bacteria [256]. Therefore, it is interesting to note 
that all the previous studies investigated the self-healing of the crack tested on water-cured 
cement mortar or concrete samples at a relatively young age (~28 days) where calcium 
hydroxide is presented as a hydration product and subsequently provides a considerable amount 
of Ca2+ to MICP. Consequently, there rises a question as to what extent the additional calcium 
sources are necessary. 
In the in-situ environment, particularly in the place where concrete is subjected to alternate 
wetting and drying, carbonation may occur prior to the concrete cracking. Here CO2 is dissolved 
in pore water and ingresses into the concrete matrix, and further reacts with calcium hydroxide 
to form calcium carbonate. As a consequence, these calcium ions within the concrete matrix 
are trapped in an insoluble form [257]. Since there is no evidence to show that bacteria can use 
calcium carbonate as a calcium source for MICP, there is a doubt that if the crack of BBSHC 
after carbonation can be healed.  
Furthermore, the quantity of CO32- is also related to DIC in the vicinity of crack. Whilst the 
DIC concentration may be supplemented by the use of urea (CO2(NH2)2) or organic salts, it 
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should be note that yeast extract is routinely added into BBSHC to promote the germination of 
bacterial spores and growth of cells. Yeast extract contains carbon, and therefore provide source 
of DIC as a result of metabolic breakdown. However, this has not been proven yet. 
Therefore, study in this chapter was carried out to ascertain for the first time whether: 
• Yeast extract can be the sole carbon source to DIC thereby eliminating the need for 
urea or organic salts in BBSHC and consequently simplifying the mixing designs. 
Furthermore, to direct use yeast extract, calcium nitrate can be used to overcome the 
retardation as the results presented in previous chapter. 
• Self-healing occurs in carbonated cement mortar samples; when: i) when calcium 
source is directly added into cement matrix; ii) when the calcium source is encapsulated 
in LWA. 
 
8.2 Experimental programme 
8.2.1 Mixing proportion 
Five mixes were designed by mixing Portland limestone cement (CEM II/A-L 32.5R), standard 
sand (BS EN 196-1), tap water, and either i) ACGS and ACGM1, or ii) ACGS and ACGM2, 
or iii) GM directly added into mortar matrix. The mixing proportion is given in Table 8-1. And 
details of ACGS, ACGM1, and ACGM2 are presented in Table 8-2. The reference sample 
(REF) was a standard cement mortar mix with the water to cement ratio of 0.5. Control sample 
(CTRL) was the mix with direct addition of GM (4.55g calcium nitrate and 1g yeast extract) in 
the matrix without any bacterial spores to assess the effect of GM on the healing performance. 
The other three mortars (CaN-direct, CaN-encap, and CaNY-encap) all contained bacterial 
spores in the form of the addition of 5.4g of ACGS – approximating to 3.64 × 1010 spores. For 
CaN-direct mortar, GM (4.55g calcium nitrate and 1g yeast extract) were direct added into 
mortar as per CTRL. For sample CaN-encap, GM (4.55g calcium nitrate and 1g yeast extract) 
was added in the form of 16.5g ACGM1. For the final mix CaNY-encap, higher amount of 
yeast extract was used, GM was encapsulated in ACGM2 which equaled to 4.55g calcium 
nitrate and 4g yeast extract. 
Samples were carried out in accordance with BS EN 196-1 with the ACGS and ACGM added 
at the same time as the standard sand. The mortar samples were cast into prisms with dimension 
65 mm × 40 mm × 40 mm. Two layers were designed for the sample, where lower layer (20 
mm deep) was cast in accordance with the mixing proportion shown in Table 8-1, and the top 
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layer was the standard mortar mixing. Lower layer was carried out firstly, followed by the top 
layer. Samples were kept in controlled environment room (20°C, 40% RH) for 24 hours and 
then demoulded. After demoulding they were cured under water at 20°C. For uncarbonated 
samples, they were placed under water at room temperature (20°C) for 28 days, whilst those 
carbonated samples were cured under water for 14 days and then placed in carbonation chamber 
(20% CO2, 20°C) for 28 days. The cracked samples were placed in the same wet-dry cycle 
healing regime as previous chapter present. 
 
Table 8-1 Mix proportions for all mortar samples in terms of carbonation effect, REF was the 
standard mortar mixing, CTRL was directly added by calcium nitrate and YE, CaN-direct used 
directly added calcium nitrate, low dose of YE, and PVA-ACG encapsulated bacteria, CaN-
encap had all bio-agents encapsulated, CaNY-encap contained encapsulated bio-agents but YE 















REF 92 46 276 0 0 0 0 
CTRL 92 46 276 1 4.55 0 0 
CaN-direct 92 46 260 1 4.55 5.4 0 
CaN-encap 92 46 207 0 0 5.4 22 g ACGM1 
CaNY-encap 92 46 207 0 0 5.4 25 g ACGM2 
 
Table 8-2 Detailed composites of ACGS, ACGM1, and ACGM2 containing calcium nitrate and 
YE used in the carbonation mortars 
ACG Plain ACG (g) PVA (g) Bacterial spores (×1010) Yeast extract (g) Calcium nitrate (g) 
ACGS 100 50 102.8 0 0 
ACGM1 100 50 0 9 41.5 
ACGM2 100 50 0 36 41.5 
Note: ACGS is ACG containing only bacterial spores, ACGM is ACG containing growth media (calcium nitrate and yeast extract). 
ACGM2 contained four times yeast extract than ACGM2. 
 
8.2.2 Carbonation 
After 14 days water curing, selected mortar and paste samples were placed in a carbonation 
chamber at a CO2 concentration of 20% and relative humidity of 50% for 28 days. The depth 
of carbonation was determined by splitting a representative specimen and spraying the cross-
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section with the pH indicator phenolphthalein. pH results confirmed the great carbonation effect 
on the samples as shown in Figure 8-1. 
 
Figure 8-1 Cross section of standard mortar sprayed by phenolphthalein to indicate the pH of 
the sample, left: uncarbonated, right: carbonated 
Note: Darker pink area had higher alkaline level (i.e., had not been carbonated) 
 
8.2.3 Testing methods 
Isothermal conduction calorimetry 
To investigate the effect of self-healing agents on the hydration of cement, isothermal 
conduction calorimetry tests were conducted using a Calmetrix I-cal 4000. All tests were 
carried out on mortar samples at 20°C.Mix proportions of mortar samples were maintained at 
the same ratio as the mortar samples given in Table 8-1. 
Water flow test 
Water flow was determined as described in Section 4.5.2, the test was carried out at 0 day, 28 
days, 56 days, and 84 days after cracking. 
Optical microscopy, SEM and EDX 
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Optical microscopy was conducted on 0 day, 7 days, 14 days, 28 days, 56 days, and 84 days 
after cracking, and the process was followed same as described in section 4.6.1, healing ratio 
of crack width was calculated via Eq. 4-5. SEM and EDX was conducted on selected samples 
at 84 days after cracking. Microstructure and morphologies of healing products were obtained 
by SEM. EDX was used to analyse the chemical elements, whilst an elementary map was 
produced to help determine the healing products. 
TGA and XRD 
TGA and XRD was carried out on paste samples to evaluate the effect of carbonation on the 
cement hydration products in terms of chemical composites. The uncarbonated and carbonated 
samples were crushed and grounded into power for these tests. TGA was proceeded at the 
temperature 20-1000°C, rate 10°C/min, nitrogen flow. And XRD test was carried out from 0° 
to 75° 2θ as described in Section 4.6.4. 
 
8.3 Results 
8.3.1 Kinetics of hydration 
The results of the isothermal conduction calorimetry are shown in Figure 8-2 (a) and (b). 
Although calcium nitrate is considered to compensate the retardation caused by yeast extract to 
some extent, the direct addition of calcium nitrate and yeast extract still led to an obvious 
retardation in CTRL and CaN-direct for approximately 12 hours and 9 hours respectively. 
However, no retardation was observed on cement hydration of CaN-encap and CaNY-encap. 
Thus, it is clear the ACG encapsulation and PVA coating efficiently prevent leakage of bio-
agents and protect bacteria as well. 
According to the cumulative heat results, although CTRL and CaN-direct have been retarded, 
the final produced heat showed no significant difference with REF. The encapsulated samples 
revealed lower heat production in the starting period, this is probably because the PVA coating 
absorbed little mixing water at the start of the test and further reduced the extent of hydration, 
resulting in the lower hydration heat. But the gradually increased heat at the end of the test 






Figure 8-2 Kinetics of hydration of mortar samples subjected to carbonation, the mixing 




To better understand the effect of carbonation and direct addition of nutrients on the cement 
hydrates, TGA and XRD were conducted on cement paste samples, and the results of each 
sample are given in and Figure 8-4. According to Scrivener et al. [251], in TGA of REF, peak 
1 corresponds to the water loss of ettringite (3CaO·Al2O3·3CaSO4·32H2O), and gypsum 
(CaSO4·H2O) decomposes to anhydrite (CaSO4) around 100-150 °C as well. Portlandite 





2), and brucite Mg(OH)2 also decomposes to MgO and H2O in the peak 2 range. Peak 3 in REF 
corresponds to the decomposition of calcite (CaCO3) to CaO and H2O. 
Figure 8-3 (b) clearly shows the reduction in calcium hydroxide whereas not much increase in 
the amount of calcium carbonate. This may be due to the shorter curing period under water, 
since these carbonated samples were cured under water for 2 weeks, which was shorter than 
uncarbonated samples (under water for 4 weeks), carbonated sample may have lower degree of 
cement hydration. Therefore, less calcium hydroxide and calcium carbonate were contained in 
carbonated sample before placing in carbonation sample, and after carbonation, even calcium 
hydroxide was carbonated to calcium carbonate, the total amount of calcium carbonate was 
generally equal to uncarbonated sample. 
According to the TGA and XRD results, more calcium hydroxide was formed in CTRL 
compared with REF, the direct added calcium nitrate may provide extra calcium ions to the 
calcium hydroxide formation. Based on XRD, peak 2 in TGA of CTRL is supposed to be the 
thermal decomposition of gypsum to anhydrite (CaSO4). There was no calcium hydroxide 
observed in carbonated CTRL due to the carbonation. Different from carbonated REF, XRD 
and DTG results suggested the presence of ettringite in carbonated CTRL sample. And peak 2 
and 3 in carbonated CTRL may correspond to the increased amount of CSH. However, it should 
be noted that although CH in carbonated CTRL has been eliminated, calcium carbonated 
content in carbonated CTRL did not indicate great increase, possible reason for that is the 
carbonated CTRL was only water cured for 14 days, which was shorter than uncarbonated 
CTRL of 28 days, therefore lower degree of cement hydration in this case led to less initially 
formed calcium carbonate, particularly with the presence of YE retarding the cement hydration 
to some extent. Even more calcium carbonate was formed via the carbonation of CH, the final 
content of calcium carbonate between uncarbonated and carbonated CTRL was almost equal. 
For carbonated REF, without any retardation, cement hydration degree may be higher than 

























Figure 8-4 XRD results of cement paste samples of (a) REF & CTRL, (b) REF & carbonated 
REF and (c) CTRL and carbonated CTRL 
8.3.3 Crack closure 
The crack size of each mortar was measured using a microscope after cracking and then after 
7, 14, 28, 56 and 84 days of healing. The mean initial and final crack widths (84-days) are given 
in Table 8-3. Figure 8-5 shows the healing ratio of RW calculated by Eq.4-5 over the healing 
period. 
Based on the crack size results, all uncarbonated samples except REF - where no healing 
occurred - showed overall great RW values, where CaNY-encap achieved complete crack 
closure, followed by CaN-direct whose healing ratio reached 98%. Sample CTRL and CaN-
encap showed generally similar healing ratio. Highest RW of carbonated samples was also found 
on sample CaNY-encap reaching 76%. Carbonated CaN-encap and carbonated CaN-direct 
presented 33% and 15% RW respectively. Carbonated REF and carbonated CTRL demonstrated 
no healing at 84 days. 
Based on the comparison of RW between uncarbonated and carbonated samples given in Table 




illustrated general greatest healing among all the mixes. But sample CTRL and CaN-direct 
showed most reduction in healing ratio after carbonation. 
In addition to determining crack widths, crack closure was monitored visually over 84 days of 
healing using an optical microscope. Figure 8-6 shows the healing progress over 84 days of 
each mortar for both uncarbonated and carbonated conditions.  
 
Table 8-3 Mean values of initial and final crack of all mortars and healing ratio (RW) 
Specimens Uncarbonated Carbonated 
Initial crack size 
(mm) 
84-days healed 
crack size (mm) 
Healing ratio 
(%) 
Initial crack size 
(mm) 
84-days healed 
crack size (mm) 
Healing ratio 
(%) 
REF 0.38 ± 0.04 0.38 ± 0.04 0 ±0 0.49 ± 0.05 0.49 ± 0.05 0 ± 0 
CTRL 0.21 ± 0.08 0.04 ± 0.01 80% ± 2% 0.35 ± 0.07 0.35 ± 0.07 0 ± 0 
CaN-direct 0.52 ± 0.03 0.01 ± 0.00 98% ± 1% 0.38 ± 0.02 0.32 ± 0.05 15% ± 7% 
CaN-encap 0.52 ± 0.03 0.10 ±0.00 81% ± 1% 0.36 ± 0.04 0.24 ± 0.02 33% ± 2% 
CaNY-encap 0.43 ± 0.04 0.00 ± 0.00 100% ± 0% 0.35 ± 0.08 0.09 ± 0.02 76% ± 2% 
Note: sample REF is the standard cement mortar mix, CTRL is the mix directly added by calcium nitrate and yeast extract, mortar 
CaN-direct contained directly added growth media and encapsulated bacteria, sample CaN-encap and CaNY-encap had both 
growth media and bacteria encapsulated. Initial crack width was obtained at 0 day, and final crack width was measured at 84 days. 
The healing ratio was calculated by Eq. 8-1. 
 
Where mortars were uncarbonated prior to cracking healing it was shown that the REF mortars 
had no crystal formation within the crack, which suggested that no autogenous healing took 
place. On the other hand, the CTRL mortar appeared to be almost completely closed after 28 
days. This may have been because the addition of calcium nitrate provided a greater excess of 
calcium hydroxide within the mortar and subsequently this may have carbonated across the 
crack during the healing period. However, the fact that the REF mortar showed no autogenous 
healing at all, suggests that this is unlikely to be the sole reason. Consequently, it is postulated 
that the yeast extract allowed some of the environmental bacteria in the healing water to grow 
in the cracks and that this has led to healing.   
In contrast, the mortars containing bacteria showed more rapid healing. CaN-direct presented 
rapid precipitation on both faces of the crack in 14 days and CaN-encap and CaNY-encap 
showed complete crack closure after 7 days. The healing products in mortars that were 
uncarbonated prior to cracking presented a consistent morphology of large and white crystals.  
Where carbonation took place before the mortars were cracked, the REF and CTRL mortars 
showed no evidence of self-healing. Whilst a few precipitated crystals were observed on the 
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crack face of CaN-direct mortars crack closure was minimal. For the CaN-encap mortar some 
transparent thread-like products formed in the crack in the first 56 days, but again crack closure 
was low (33%). However, for the CaNY-encap mortar translucent gel-like products formed 
within the crack. The products in CaNY-encap were formed quicker than that of CaN-encap 
and the degree of crack closure was not insignificant (76%). Cracks in the CaNY-encap mortar 
were shown to be completely covered by the gel-substance after 28-days healing. However, 
after 84 days, in CaNY-encap mortars, the gel-substance disappeared, and crystal precipitates 






Figure 8-5 Healing ratio (RW) of crack width for (a) uncarbonated mortars and (b) carbonated 
mortars over healing period at 0, 28, 56, and 84 days 
Note: sample REF is the standard cement mortar mix, CTRL is the mix directly added by calcium nitrate and yeast extract, mortar 
CaN-direct contained directly added growth media and encapsulated bacteria, sample CaN-encap and CaNY-encap had both 
growth media and bacteria encapsulated. Initial crack width was obtained at 0 day, and final crack width was measured at 84 days. 


























Figure 8-6 Healing progression of uncarbonated and carbonated sample, REF, CTRL, CaN-
direct, CaN-encap, and CaNY-encap over healing peiod at 0, 7, 14, 28, 56, and 84 days. Healing 










8.3.4 Water flow test results 
Water flow test was carried out in parallel to the optical microscopy to determine the recovery 
in the water tightness property of the samples. The initial and final healing ratio (RK), which 
was calculated by Eq.4-3, in the water flow coefficient of each mortar is shown in Table 8-4, 
and the coefficient at 0, 28, 56, and 84 days is given in Figure 8-7. These results were generally 
consistent to the aforementioned microscopic and crack size results. 
For the uncarbonated samples, REF illustrated slight decrease in water flow coefficient after 
healing (from 0.056 cm/s to 0.036 cm/s), whereas other samples demonstrated significant 
reduction in the coefficient and corresponding high RK values. In particular, CaNY-encap gave 
the highest reduction in water flow, followed by CaN-direct. It was noted that the CTRL 
specimen gave better resistance to water flow after healing than CaN-encap despite having 
similar levels of crack width closure (Rw ≈ 80%). This is most likely due to the much lower 
average crack width of the CTRL mortars such that after 80% crack closure CTRL mortars had 
an average crack width of 0.04 mm, whereas the cracks in CaN-encap were still 0.10 mm wide. 
For the carbonated specimens, the REF, CTRL and CaN-direct mortars did not show any 
significant reduction in water flow after the healing period. This indicates that the permeability 
was not reduced as the crack was not effectively closed or sealed. However, the encapsulated 
specimens showed a different trend which was consistent with the crack closure. The 
carbonated CaN-encap mortars had a healing ratio of 60% after 28 days, which fell to around 
50% at 84 days. For CaNY-encap mortars the healing ratio was over 90% at 28 days and this 
was maintained at 84 days. 
 
Table 8-4 Mean values of initial, final water permeability coefficient at 84 days, and healing 
ratio (RP) of uncarbonated and carbonated specimens 













REF 0.056 ± 0.006 0.036 ± 0.005 36% ± 4% 0.324 ± 0.006 0.295 ± 0.005 9% ± 1% 
CTRL 0.033 ± 0.013 0.001 ± 0.002 98% ± 1% 0.149 ± 0.010 0.137 ± 0.012 8% ± 2% 
CaN-direct 0.046 ± 0.005 0.000 ± 0.000 100% ± 0% 0.130 ± 0.003 0.092 ± 0.006 29% ± 3% 
CaN-encap 0.244 ± 0.004 0.004 ± 0.000 85% ± 0% 0.057 ± 0.005 0.027 ± 0.002 53% ± 3% 
CaNY-encap 0.140 ± 0.006 0.000 ± 0.000 100% ± 0% 0.022 ± 0.012 0.001 ± 0.002 94% ± 4% 
Note: sample REF is the standard cement mortar mix, CTRL is the mix directly added by calcium nitrate and yeast extract, mortar 
CaN-direct contained directly added growth media and encapsulated bacteria, sample CaN-encap and CaNY-encap had both 
growth media and bacteria encapsulated. Initial value was obtained at 0 day, and final value was measured at 84 days. The healing 






Figure 8-7 Healing ratios of water flow coefficient of (a) uncarbonated mortars and (b) 










8.3.5 SEM and EDX of healing products 
SEM and EDX were conducted on selected specimens to investigate the healing products. After 
90-days healing, CTRL, CaN-direct, CaN-encap, CaNY-encap, and carbonated CaNY-encap 
specimens were applied by SEM and EDX. In Figure 8-8, Figure 8-9, Figure 8-12, Figure 8-11, 
and Figure 8-12 crack size and microstructure of healing productions were obtained via SEM. 
The results were in accordance with the crack size results, as smallest crack was found on 
CaNY-encap which was almost completely healed, followed by CaN-direct whose crack was 
about 10 µm.  
Among the uncarbonated samples, CTRL presented mostly angular and sharp crystals with 
maximum size to 10 µm. However, these bacteria-based mortars demonstrated rather flatter 
crack surface with some flaky crystals overlaying. Some rhombic crystals were formed in the 
vicinity of crack of mortar CaN-encap, which was suggested to be calcite crystals. Noticeably 
that some black network was formed connecting the crystals as shown in Figure 8-10 (b) and 
Figure 8-11 (b).  
As alluded to earlier, of greater interest was the healing product that formed in the carbonated 
CaNY-encap mortars. These mortars showed gel-like healing products. Visually, these 
precipitates filled the crack by creating a continuous connection between the two faces of the 
crack. Element mapping analysis was applied to a cracked area of a CaNY-encap mortar as 
shown in Figure 8-13 (a) here the original mortar is seen at the top and bottom and the crack 
runs through the center. In general, the element mapping (Figure 8-13(b) to Figure 8-13(d)) 
shows that the healing product consists of carbon, with some patches of calcium products 
present within the crack but seemingly not necessarily attached to the crack face. The most 
likely explanation is that the gel-like phase identified via optical microscopy in the early stages 





Element Weight% Atomic% 
C K 13.26 21.42 









Element Weight% Atomic% 
C K 10.48 18.75 
O K 41.16 55.30 
Ca K 48.37 25.94 
Totals 100.00  
 
(a)                                                                       (b) 
(a)                                                                       (b) 
Figure 8-8 SEM of 84-days aged uncarbonated CTRL, images indicate the morphologies of 
healing products which were mainly rhombic and presented various size, EDX revealed the 
elements composites of healing products 
Figure 8-9 SEM of 84-days aged uncarbonated CaN-direct, images indicate the morphologies 
of healing products which were mainly flaky and presented various size, EDX revealed the 
elements composites of healing products 
Healing products Healed crack 40 µm










Element Weight% Atomic% 
C K 24.78 39.35 
O K 35.15 41.90 
Ca K 37.41 17.80 




Element Weight% Atomic% 
C K 25.74 38.70 
O K 41.06 46.34 
Ca K 33.20 14.96 
Totals 100.00  
 
(a)                                                                       (b) 
(a)                                                                       (b) 
Figure 8-10 SEM of 84-days aged uncarbonated CaN-encap reveal the presence of large cubic 
healing products and some black network-like healing products. 
Figure 8-11 SEM and EDX of 84-days aged uncarbonated CaNY-encap, indicating the black 











Element Weight% Atomic% 
C K 60.76 69.29 
O K 33.41 28.60 
Si K 0.18 0.09 
P K 0.43 0.19 
S K 0.65 0.28 
K K 0.14 0.05 
Ca K 4.43 1.51 
Totals 100.00  
 
 
(a)                                                                       (b) 
(a)                                                                     (b) 
Figure 8-12 SEM of 84-days aged carbonated 
CaNY-encap focusing on the formed black 
healing products, and EDX reveals the 
components of the black healing products 
Gel-like healing products 
Original crack 




Figure 8-13 EDX map of carbonated CaNY-encap at 84 days of healing, (a) applied area, (b) 
carbon distribution, (c) oxygen distribution and (d) calcium distribution 
Note: Brighter area means higher content of certain element. 
 
8.4 Discussion 
8.4.1 Effect of carbonation on healing performance 
This study investigated the self-healing efficiency of uncarbonated and carbonated cement 
mortar samples. Self-healing of BBSHM using calcium acetate or calcium nitrate has been 
proven in the previous chapters. Results of uncarbonated samples given in this chapter are 
generally similar to those identified previously. The reference sample did not show any visual 
healing or improvement in the water resisting properties. All other samples, including CTRL 
and samples containing bacteria-based self-healing agents, did demonstrate crack closure and 
recovery in water tightness. As previous chapter states, direct addition of yeast extract and 
calcium nitrate led to the enhanced autogenous healing. A possible reason is that the calcium 
nitrate dissolves to form a matrix containing increased quantities of calcium hydroxide and then 
its subsequent carbonation during the healing leads to improved autogenous healing. The 
bacteria-based mortars led to even greater healing most probably due to the nucleating effect 
of bacteria and increased CO2-3   ion formation as a result of bacterial activity. It was also 
observed that CaN-direct sample showed generally greater healing than CaN-encap, most 
probably related to the reduced amount of growth media released from ACG compared to direct 
addition.  
An accelerated carbonation method was used in this work to convert the calcium hydroxide 
formed during the hydrolysis and hydration of cement to calcium carbonate prior to cracking 
(c)                                                                  (d) 
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to test the effects of this on self-healing. Samples were cured in water for 14 days, then placed 
in carbonation chamber for another 28 days. As shown by the TGA and XRD results the 
carbonation method was feasible and after carbonation there was no calcium hydroxide present 
in either the REF or CTRL mortars. After carbonation, samples were subjected to a period of 
healing in the wet-dry condition. Visual observation and water flow test showed no healing of 
both REF and CTRL mortars. Uncarbonated and carbonated REF mortar were consistently 
unhealed after the healing period. But for CTRL mortar, this is in contract to the uncarbonated 
mortar. This can be considered that the healing occurred in uncarbonated CTRL sample was 
caused by the carbonation of calcium hydroxide, in the vicinity of crack, during the healing 
period. This enhanced autogenous healing in CTRL mortar possibly due to the direct addition 
of calcium nitrate leading to increased amount of calcium hydroxide in the matrix. However, 
after carbonation, this calcium hydroxide was already carbonated during the carbonation period 
and the calcium ions were presented in the form of calcium carbonate in sample REF and CTRL, 
and subsequently no autogenous self-healing based on further carbonation can occur. Likewise, 
that carbonated CaN-direct showed only 15% healing based on visual observation compared to 
98% of uncarbonated mortars. In these mortars, calcium source available in MICP is mostly 
from calcium hydroxide or free Ca2+ in the matrix, calcium ions are attracted onto the surface 
of bacteria and therefore process the precipitation. As shown in REF and CTRL, there was 
likely to be no calcium hydroxide after carbonation. Hence, some other calcium source, like 
monosulfate, ettringite, CSH or even calcium carbonate, is possibly compensate the lack of 
calcium source for MICP. Given that little noticeable healing occurs it appears that the direct 
addition of calcium nitrate to mortar is not a practicable means of obtaining self-healing in 
concrete that is likely to carbonate before it cracks. 
However, healing was observed on the sample containing encapsulated calcium nitrate instead 
of direct addition. Carbonated CaN-encap revealed healing of 33%, which was more than twice 
of carbonated CaN-direct mortar, whilst CaNY-encap had the healing ratio as high as 76%. A 
similar trend in water flow test results were found on carbonated samples. 
Based on the above results obtained on carbonated CaN-encap and CaNY-encap mortars, it can 
be assumed that the only calcium source in these samples was the encapsulated calcium nitrate. 
Therefore, the ability of these mortars were only related to the ability of the ACG to fracture 
and release the GM at the crack location. However, it is noticeable that the healing degree of 
carbonated samples was significantly lower than that of uncarbonated samples, which further 
confirmed that calcium based minerals, like aforementioned CH, CSH etc., presented in 
uncarbonated matrix could provide a calcium source for the healing reactions.  
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It should be noted that the healing products formed in carbonated CaN-encap and CaNY-encap 
sample illustrated different morphology to that on uncarbonated mortars. These healing product 
on carbonated sample had a gel-like status, whilst uncarbonated sample had the healing product 
in the form of white solid crystal. From the consideration of the EDX results  it can be suggested 
that these gel-like products are most likely biofilm and a by-product of the growth of the 
bacterial cells. This biofilm was mainly formed in the first two months but disappeared at 84 
days. Some large crystal precipitates were observed formed filling the crack after the 
disappearance of biofilm. Based on the healing performance of carbonated CaN-encap and 
CaNY-encap sample, it is more likely that calcite was formed on the biofilm, providing 
sufficient healing performance. At the beginning of precipitation, bacteria were germinated and 
grew, but no detectable amount of calcite presented, resulting in incomplete crack healing. At 
a later time point, 28 days for carbonated CaNY in this case, the biofilm would have been 
completely encrusted in calcite, leading to crack closure. 
Overall, it is clear that an important source of Ca2+ ions for self-healing precipitation is the 
calcium hydroxide present in the mortar matrix, either as a consequence of hydrolysis of 
hydration of cement, or other calcium salts dissolve in the matrix. In MICP process, bacteria 
act as catalyst for degrading these calcium salts into CO32- and further form CaCO3. For these 
uncarbonated mortars, this calcium hydroxide is sufficient to provide an efficient degree of 
healing. It should be noted as well that the addition of calcium nitrate, either direct added or 
encapsulated, did enhance the healing. 
However, for carbonated mortars, calcium hydroxide is no longer available as a source of Ca2+ 
ions. Therefore it has been shown, for the first time, that the self-healing of mortars that crack 
after carbonation is almost totally dependent on the availability of Ca2+ ions released from an 
encapsulated source. 
Hence, while both direct addition and encapsulation of calcium nitrate are suitable for providing 
self-healing ability to mortar, the condition of concrete during the service life needs to be 
considered when choosing the most appropriate introducing pathway. For concrete carbonated 
prior to crack, it is suggested that calcium source needs to be encapsulated in the concrete prior 
to mixing. 
8.4.2 Effect of yeast extract on healing performance of BBSHC 
As Chapter 7 indicates, calcium nitrate was successfully used as calcium source to MICP. In 
the chapter 6 using ACG as carrier for calcium acetate, the amount of yeast extract influenced 
the healing performance. In the work in chapter 6, calcium acetate dissolved to release DIC, 
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however, by replacing calcium acetate with calcium nitrate DIC entirely depended on yeast 
extract. The work in this chapter showed that all mortars containing bacteria and yeast extract 
healed when subjected to uncarbonated conditions prior to cracking. Consequently, results 
given in this study are clear that yeast extract is able to provide sufficient DIC for the bacteria 
to promote the precipitation of calcium carbonate. In the carbonation condition, CaN-direct did 
not heal but CaN-encap and CaNY-encap did show healing. As the above discussion, it is clear 
that even in the carbonation condition, yeast extract was still able to provide DIC. For 
carbonated CaN-encap and CaNY-encap mortars, it should be noted that carbonated CaNY-
encap demonstrated significantly greater healing than carbonated CaN-encap. The only 
difference between these two mortars was the amount of encapsulated yeast extract, and in the 
tests described yeast extract was the only source for bacterial germination and growth. However, 
as it was constantly consumed by yeast extract, its availability diminished with time. It can be 
deduced that due to the greater quantity of yeast extract contained in CaNY-encap, the growth 
of bacteria could take place over a much longer period, and subsequently leading to higher 
larger quantities of bacterial cells and more calcium carbonate precipitated before yeast extract 
was completely consumed. Therefore, reasonably that calcium nitrate contained in carbonated 
CaN-encap was not completely consumed, which may be due to the low quantities of bacterial 
cells. By increasing the amount of yeast extract, calcium nitrate embedded in CaNY-encap was 
able to be completely consumed. 
However, more important is that in this study the yeast extract was the principal source of DIC, 
although it should be mentioned that in the wet-dry healing condition that some environmental 
CO2 from atmosphere may have ingressed into the mortar. Since the quantity of DIC is directly 
related to the amount of CO2-3  , the volume of precipitated calcium carbonate is necessarily 
related to the availability of yeast extract. Although study elsewhere has shown that too much 
yeast extract can inhibit calcium carbonate precipitation [172], the work described here reveals 
the great contribution of large quantity of yeast extract to the healing. 
 
8.5 Conclusion 
This work shows that calcium hydroxide is an importance of Ca2+ ions for the bacteria-based 
self-healing process. For these mortars uncarbonated prior to cracking, calcium hydroxide 
presented in the mortar matrix is sufficient to provide an efficient degree of Ca2+ ions for healing. 
However, it should be noted that while mortars are carbonated prior to cracking, either directly 
added calcium source or calcium hydroxide is carbonated to the unavailable form of calcium-
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based minerals to MICP. Therefore, by supplying extra source of Ca2+ ions at the moment of 
cracking, due to the encapsulation enhances the degree of healing. 
Because in carbonated mortars calcium hydroxide is not available as a source of Ca2+ ions. 
Consequently, this work has presented here for the first time, that the bacteria-based self-
healing in the mortar sample carbonated prior to crack completely depends on the availability 
of Ca2+ released from an encapsulated source. Therefore, as both direct addition or 
encapsulation of calcium nitrate are suitable for providing self-healing. 
The following conclusions can be derived: 
• Uncarbonated sample showed significantly greater healing than carbonated samples, 
calcium hydroxide presented in uncarbonated mortars is the main reason, whilst 
calcium hydroxide is suggested to be an important calcium source to MICP. 
• For carbonated samples, direct addition of calcium source may lead to unavailable Ca2+ 
ions for MICP in the healing period. Alternatively, by encapsulation, calcium source is 
likely to be available upon cracking. 
• In carbonated mortars, where the healing is only observed with encapsulated GM, 
biofilm was found to be formed and fill the crack for up to 84 days, and calcite was 
observed upon the disappearance of biofilm. It is possible that biofilm was massively 
formed at the early stage of healing, and calcite was produced on the surface of biofilm 
over time leads to the crack closure. 
• The quantity of yeast extra showed governing effect on the healing performance when 
non-ureolytic bacteria are used with calcium nitrate. As the principal DIC source, the 





9 Chapter 9 The effect of healing regime on the healing 
performance of BBSHC 
9.1 Introduction 
For the bacteria-based self-healing process, both water and oxygen are essential to the microbial 
self-healing process [258][14]. The ingressed water dissolves the bio-agents and creates a 
suitable growing environment for the bacteria. Oxygen is also needed for anaerobic bacterial 
germination and growth. To improve the healing efficiency of BBSHC, for decades, different 
healing conditions for BBSHC have been investigated, which mainly focused on adjusting the 
supply of oxygen and water during healing period.  
Wang et al. [159] placed specimens containing microcapsulated ureolytic bacteria in four 
different healing conditions, results suggested that a wet-dry cycles healing cycle contributed 
most to the healing. In contrast, samples at 20 °C 95% RH had no precipitates at all. Tziviloglou 
et al [125] have tried wet-dry cycle healing as well, the authors used non-ureolytic bacteria in 
this case, and noticed that bacteria-based samples were significantly improved in the capability 
of crack closure in wet-dry cycle system compared with sole water immersion system, whereas 
reference sample and control sample showed the opposite.  
Apart from investigating the healing regime, Zhang et al. [166] developed a self-healing system 
with oxygen-releasing material. The authors developed an oxygen-releasing tablet (ORT) and 
which was included along with bacteria and microcrystalline cellulose in the form of a solution. 
The result showed that the samples containing ORT produced four times more precipitates 
compared to the samples without ORT. 
In the study described in this chapter, work was carried out to optimize the healing condition 
for non-ureolytic bacteria-based self-healing mortar. Therefore, specimens were placed in four 
different healing regimes, i) daily wet-dry cycle healing regime with 16 hours wet and 8 hour 
dry, ii) weekly wet-dry cycle healing regime with 3 days wet and 4 days dry, iii) deposition 
medium healing regime with growth media dissolved in daily wet-dry cycle water, and iv) semi 
submerge healing regime with samples half submerged by water. Furthermore, in this work, 
oxygen-releasing material was used for the first time in a mortar sample to investigate its 
feasibility. 
Two embedment methods were used, growth media – calcium source and yeast extract – were 
either encapsulated in ACG or direct added into mortar matrix. Two types of calcium source 
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(calcium acetate and calcium nitrate) were used individually with bacterial strain Bacillus 
Cohnii as the bio-agents in these mortar samples.  
 
9.2 Experimental programme 
9.2.1 Coating 
Two types of coating were used in this study, one was the ordinary PVA coating as used in 
Chapters 5,6,7,8 presented, and another containing an oxygen-releasing coating (ORC) using 
calcium peroxide as the oxygen-releasing material. 
According to Zhang et al. [166], calcium peroxide was evidenced to be one of the most effective 
oxygen-releasing materials in cementitious material. In this study, to create maximum access 
of bacteria to the released oxygen, ORC was only applied on ACGS which encapsulated 
bacterial spores. As the schematic image of the coatings given in Figure 9-1, calcium peroxide 
was mixed with PVA as the inner layer of oxygen-releasing coating (ORC). The coating 
procedure was followed by the same process described in PVA coating where CaO2 was mixed 
with ACG firstly and then mixed with PVA. The inner-coated ACGS was dried in the 
environment chamber (20 °C, 50% RH) for 24 hours. Then the inner-coated ACGS was sprayed 
by a water-resistant adhesive supplied by 3M Company® as the out-layer coating. The adhesive 
was mainly composed of acetone and propane. The ORC-ACGS was dried again in the same 
environment for another 24 hours then sealed in poly bag until using. The ratio between ACG, 
PVA and CaO2 was 1:1:0.5 by mass, consequently the spores concentration was approximately 





Figure 9-1 Schematic image of ORC-ACGS consisting of two layers of coating, one inner 
coating of calcium peroxide and PVA, and outer layer of an insoluble coating 
Note: the oxygen releasing coating (calcium peroxide) was only applied on ACG containing bacterial spores. 
 
9.2.2 Preparation of mortar specimens 
A series of mortar mixes were produced using Portland limestone cement (CEM II/A-L), 
standard sand (BS EN 196-1) and tap water. The mortar samples containing bio-agents were 
referred to BBSHM (bacteria-based self-healing mortar). The mixing proportions of samples 
are given in Table 9-1, and the details of the manufacture of ACG are shown in Table 9-2. The 
mortar sample was cast to dimension of 40×40×65 mm, the sample was made with two equal 
layers, and the mixing proportions are only for the one layer. To easily compare samples in 
each chapter, cement mass used in the mortar was adjusted to 100 g shown in Table 9-1, 
although in reality the mass was 92 g.  
REF sample was the standard cement mortar sample with water to cement ratio of 0.5. CTRL 
was the control sample with direct addition of GM-CN (calcium nitrate and yeast extract) to 
determine the effect of addition the growth media on the properties of cementitious material. 
CN was the mortar being directly added by calcium nitrate and yeast extract (in the mortar 
matrix) and ACG-encapsulated bacterial spores (ACGS). CNO was the same calcium nitrate-
based mortar sample with GM-CN in the matrix, but the bacterial spores were encapsulated in 
ORC-ACGS which was coated by oxygen-releasing coating. CA was the calcium acetate based 
mortar sample, GM-CA (calcium acetate and yeast extract) and bacterial spores were 
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encapsulated in PVA-ACGM and PVA-ACGS respectively. CAO was the mortar had GM-CA 
and bacterial spores encapsulated in PVA-ACGM and ORC-ACGS individually. 
 
Table 9-1 Mixing proportions of mortar samples subjected to different healing regimes, 
including using either calcium acetate or calcium nitrate as calcium source, and using ORC-



















REF 100g 50g 300g - - - - - - 
CTRL 100g 50g 300g - - - - 5 1.1g 
CN 100g 50g 283g 7.5% 5.87g - - 5 1.1g 
CA 100g 50g 225g 25% 5.87g - 24g - - 
CNO 100g 50g 283g 7.5% - 9.5g - 5 1.1g 
CAO 100g 50g 225g 25% - 9.5g 24g - - 
Note: REF was the standard cement mortar mix, CTRL was the control sample directly added by calcium nitrate and 
yeast extract without bacteria. CN was the sample with direct added calcium nitrate and yeast extract in the matrix 
and bacterial spores encapsulated in ACG. CNO was the sample directly added by GM (calcium nitrate and yeast 
extract) and bacteria encapsulated in oxygen-releasing based ACG. CA had Bacteria and GM (calcium acetate and 
yeast extract) encapsulated individually in ACG. CAO had bacteria encapsulated in oxygen-releasing based ACG 
and GM encapsulated in regular ACG. 
 
Table 9-2 Details of the amount of bio-agents contained in PVA-ACGS, PVA-ACGM, and 
ORC-ACGS 
 Bacterial spores Calcium acetate Yeast extract PVA Calcium peroxide 
PVA-ACGS 1.04×1010 - - 0.5 - 
PVA-ACGM - 0.41 0.09 0.5 - 
ORC-ACGS 1.04×1010 - - 1 0.5 
Note: the bacterial spores’ number and mass of each bio-agent is given as per gram of plain ACG. PVA-ACGS was ACG containing 
bacterial spores and being coated by PVA. PVA-ACGM was ACG containing calcium acetate and yeast extract and being coated 
by PVA. PRC-ACGS was ACG containing bacterial spores and then being coated by oxygen-releasing coating.  
 
9.2.3 Crack creation and Testing methods 
Testing of mortars 
Crack creation was generated followed the same process as section 5.8. To investigate the 
possible effect of direct added calcium nitrate and yeast extract, ORC-ACGS and PVA-ACG 
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on the cement hydration, isothermal conduction calorimetry was carried out followed by section 
4.3.2. Mixing proportions were maintained at the same ratio as that given in Table 9-1. To save 
bacterial spores, PVA-ACGS and ORC-ACGS in the calorimetry test was made using PVA-
coated or ORC-coated plain ACG instead of ACGS. Flexural strength was obtained along with 
crack generation as described in section 4.3.3. Visual observation of optical microscope, SEM, 
and EDX was described in section 4.6. Water flow test was carried out followed by section 
4.5.2 described. In addition, healing ratio of crack width (described. In addition, healing ratio 
of crack width (RW) and water flow coefficient (RP) were calculated by Eq. 4-4 and Eq. 4-5. 
Oxygen releasing test 
Water is essential to dissolve oxygen-releasing coating (ORC), therefore CNO and 
CAO specimens containing ORC were only placed in the healing incubation supplied 
by cycling water. To determine the amount of oxygen released by the ORC, broken and 
intact ORC-ACG were submerged under water and the released oxygen was collected 
by a measuring cylinder, the set-up is shown in Figure 9-2. The ORC-ACG used plain 
ACG to represent ACG containing bacterial spores to save the material. 
 
Figure 9-2 Apparatus of oxygen releasing test investigating the oxygen releasing rate of intact 
and broken ORC-ACGS over time, (a) in-situ, (b) schematic 
Note: ORC-ACGS (intact or broken) was placed in the flask filled by water, and the released oxygen was collected 
in the vertical cylinder with scale. 
 
(a)                                                                                  (b) 
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9.2.4 Healing regimes 
Following cracking, all prisms were placed in the healing regime. Based on the past few trials, 
four different types of healing regimes were designed to investigate the effect of environment 
on the self-healing efficiency.  
Daily wet-dry cycle healing regime (daily) 
Daily wet-dry cycle healing system was the healing regime as previously used in the earlier 
research described in Chapters 5,6,7, and 8. This healing incubation system operated by 16 
hours wet and 8 hours dry daily. Prisms of all mixings were subjected to the wet-dry cycle 
healing regime. 
Weekly wet-dry cycle healing regime (weekly) 
As an alternative wetting and drying cycle, this cycle involved3-days wet and 4-days dry. The 
samples were manually taken out of the tank (for drying) and then put back (for wetting). The 
incubation water was renewed two weeks a time. All mixings given in Table 9-1 were subjected 
to weekly wet-dry healing regime. 
Deposition medium system (DM) 
Based on the mechanism of MICP, 1 mol calcium acetate (Ca(C2H3O2)2) can form 1 mol 
calcium carbonate. Given this calculation, it is unlikely that the calcium resource encapsulated 
in ACGM would be able to completely fill the crack, although as shown earlier the calcium can 
be supplemented from the calcium hydroxide present in cement paste. In this case, extra 
supplied calcium nitrate or calcium acetate was utilized to determine the impact of the amount 
of bio-agents on the self-healing efficiency. Therefore, as shown in Figure 9-3, the calcium 
nitrate/calcium acetate and yeast extract concentrated of 10g/l and 2g/l were dissolved in the 
daily wet-dry cycle incubation water to create the deposition medium healing regime. REF, 
CTRL, CN, and CNO were placed in calcium nitrate-based deposition medium, and CA and 




Figure 9-3 Schematic of deposition medium healing regime with calcium acetate/calcium 
nitrate and YE dissolved in cycling water, and the water was cycled to achieve 16 hour wet and 
8 hours dry 
Note: In the deposition medium (DM) healing regime, 10 g/l calcium acetate or calcium nitrate (depends on the 
calcium source used in mortar) and 2 g/l yeast extract were dissolved in the cycling water. Water was cycled daily 
with 8-hours drying and 16-hours wetting phase. 
 
Semi-submerge healing regime (semi) 
In the semi-immersion incubation, samples were semi-submerged by water and semi-exposed 
to atmosphere. The immersing water was renewed every two weeks to prevent any 
oversaturation of calcium ions in the water (due to leaching from the cement mortar). The 




Figure 9-4 Schematic image of set-up apparatus of semi-submerge healing regime 
 
9.3 Results 
9.3.1 Kinetic of hydration 
Figure 9-5 presents the kinetics of hydration of each mix to identify the possible effect of 
applying ORC on the cement hydration. REF shows the hydration kinetics curve of standard 
CEM II/A-L mortar where highest rate of heat occurs at about seven hours and a smaller peak 
shown at approximately 10 hours. For samples of REF, CTRL, and CN, results were generally 
similar to that previously stated in section 7.3.2. 
In contrary, for the mixes of CA and CAO where GM-CA and bacterial spores were 
encapsulated, there was no significant delay of hydration noticed. CA and CAO showed general 
same peak time with REF, suggesting the limited effect of adding encapsulated bio-agents on 
the cement hydration rate. Hence it can be concluded that the direct addition of GM-CN was 
the main reason causing this retardation. Moreover, given the differences between CN and CA, 
the ACG, as the carrier, was shown efficiently prevented leaking of bio-agents during the 
mixing process. Furthermore, it should be noted that although oxygen-releasing coating was 
used, CAO did not reveal apparent difference with CA in terms of hydration rate and produced 
heat, CN and CNO showed similar findings, which may suggest that both PVA and ORC had 
overall slight impact on the cement hydration. However, the highest peak heating rate among 
all bio-mortars was about 1.9 mW/g for CN which is much lower compared to 2.9 mW/g for 





Figure 9-5 Kinetics of hydration of mortar samples using calcium acetate, calcium nitrate and 
ORC, (a) heat production rate, (b) cumulative heat 
 
9.3.2 Oxygen releasing rate and OR coating morphology 
Oxygen releasing rate 
To investigate the oxygen releasing efficiency of the CaO2-based coating, intact and broken 



































monitored. To better compare the obtained results, the mass of ORC-ACGS has been converted 
to 100g, the results were given in Figure 9-6. For intact ORC-ACGS, oxygen was released after 
48 hours of submersion and slowly produced in the first 10 days. The process was carried out 
over approximately 600 hours, resulting in 65.24 ml released oxygen. 
The broken ORC-ACGS released oxygen immediately while soaked in water, and the oxygen-
releasing process stopped at approximately 500 hours. The final amount of released oxygen 
was 683.3 ml. 
During the manufacturing process of mortar samples, particularly during the mixing, a large 
amount of mixing water is included in the matrix and this is accessible to the ORC-ACGS. 
According to the oxygen releasing test results, the intact ORC-ACGS showed overall great 
water resistant property, suggesting that little oxygen would be released during the 
manufacturing phase. Broken ORC-ACGS was demonstrated to release a large amount of 
oxygen, that was released over a period of 10 days under full submerging condition. The 
released oxygen could be used by both bacterial activities and microbial induced calcite 
precipitation process. 
However, given the details in Table 9-2, 100g ORC-ACG contains 20g CaO2. Therefore, based 
on the reaction between water and calcium peroxide shown in Eq.9-1, approximately 5.5g 
oxygen should be produced, approximating to about 3.88 L, which is much more than the test 
obtained. One of the main reasons is that when ORC-ACGS ruptured, only calcium peroxide 
in the vicinity of the fracture surface had great access to water. Consequently, only partial 
calcium peroxide reacted. Another possible reason is that the outer layer coating might be too 
waterproof and sticky, so partial calcium peroxide was adhered to the outer layer and became 
unavailable.  
 





Figure 9-6 The amount of released oxygen over 800 hours of broken ORC-ACGS (blue) and 
intact ORC-ACGS (red), the shaded regions refer to error bar 
 
Physical properties and morphology of the PVA and OR coating 
The physical properties of PVA coating and oxygen releasing coating (ORC) were investigated 
via calculation and SEM. The mean diameter of a single ACG is 2.5 mm, so the volume of one 
granule is 8.18 mm3 assuming ACG is spherical. Since the density of ACG is 0.354 g/ml, the 
mass of a single ACG can be calculated as 0.0029g. The mass ratio of aerated concrete granule: 
PVA: CaO2 is 1: 1: 0.5, so the mass of PVA on one granule is 0.0029g and the mass of CaO2 is 
0.0015g. Based on the density of PVA (1.19 g/cm3) and density of CaO2 (2.91 g/cm3), the 
volume of PVA and CaO2 is 2.43 mm3 and 0.515 mm3 respectively. The surface area of one 
aerated concrete granule is 19.6 mm2, So the thickness of ORC is 
!.#"%'.M@M
@C.?
	= 0.15	dd  
For PVA-ACG, since the mass ratio of ACG:PVA is 1:0.5, the thickness of PVA is: 
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Figure 9-7 Schematic image of ORC-ACG consists of calcium peroxide and PVA as inner layer 
and insoluble coating as the outer layer, thickness of each coating layer is marked as well 
 
To investigate the effect of coating on the morphology of either PVA-ACGS or ORC-ACGS, 
SEM was conducted. To save bacterial spores, PVA-ACGS and PRC-ACGS in the SEM were 
made using plain ACG without bacterial spores, Figure 9-88, Figure 9-9, and Figure 9-10 
indicate the morphology of ACG, PVA- ACGS and ORC-ACGS. Plain ACG showed coarse 
surface whereas PVA-ACG was shown to be clearly covered by a PVA film. ORC-ACGS 
presented smooth surface attached by some powders which was supposed to be calcium 
peroxide. SEM images confirmed that PVA and ORC successfully coated ACG and provide 
protection to bio-agents. Considering the thickness of PVA and OR coating is only 0.06 mm 
and 0.15 mm, both coatings are thought to have only a slight impact on the geometry of ACG. 
However, a smoother surface was found on PVA-ACGS and ORC-ACGS than on the plain 
ACG. This may lead to a greater impact on the physical properties of ACG, particularly on the 
bonding with mortar matrix, and may be one of the reasons that samples containing ACG given 
in Chapter 5,6, and 7 had lower flexural strength. 
 




Figure 9-8 SEM of ne granule of plain ACG 
 
Figure 9-9 SEM of ne granule of PVA-ACG 
 






Visual observation of crack size 
Crack size of each specimens were measured via a microscope after cracking and then at 28, 
56 and 84 days. The mean crack widths of initial and final crack (84-days) were given in Table 
9-3. Healing ratio was calculated via Equation 4-5 based on crack width measured at 0 day and 
84 days after cracking. The healing degree of specimens in each healing regime are shown in 
Figure 9-11. Based on the RW results, REF showed no or slight crack closure in daily and 
weekly wet-dry cycle healing regimes. But slight healing (around 5%) and much higher healing 
ratio (47%) were noticed in deposition medium and semi-submerge healing regimes. For CTRL, 
highest crack closure degree was noticed in daily wet-dry cycle (92%) and semi-submerge 
(90%) healing regimes, whilst lower crack healing took place in weekly cycle and deposition 
medium healing regimes. A similar trend can be seen for CN and CA, mortars in daily wet-dry 
cycle and semi-submerge had significant higher healing ratio that mortars in other two healing 
regimes, where the healing ratio in daily wet-dry cycle and semi-submerge achieved 95-98%. 
For mortars containing ORC, complete crack closure occurred on both CNO and CAO in daily 
wet-dry cycle healing regime, whereas lowest healing degree was found in weekly wet-dry 
cycle healing regime with only 24% for CNO and 0% for CAO respectively.  
Table 9-3 Initial and final crack width of samples in each healing regime 













REF 0.38 ± 0.03 0.38 ± 0.03 0% ± 0 0.41 ± 0.02 0.40 ± 0.02 2% ± 0.2% 
CTRL 0.21 ± 0.02 0.04 ± 0.01 80% ± 2% 0.25 ± 0.03 0.12 ± 0.02 52% ± 1% 
CN 0.43 ± 0.02 0.01 ± 0.00 98% ± 1% 0.38 ± 0.01 0.19 ± 0.01 50% ± 2% 
CA 0.39 ± 0.03 0.01 ± 0.01 98% ± 2% 0.32 ± 0.02 0.31 ± 0.02 3% ± 1% 
CNO 0.37 ± 0.04 0.00 ± 0.00 100% ± 1% 0.37 ± 0.02 0.28 ± 0.02 24% ± 2% 
CAO 0.35 ± 0.02 0.00 ± 0.00 100% ± 1% 0.28 ± 0.02 0.28 ± 0.02 0% ± 0% 
 Deposition medium Semi-submerge 












REF 0.40 ± 0.02 0.38 ± 0.01 5% ± 2% 0.38 ± 0.02 0.20 ± 0.01 47% ± 2% 
CTRL 0.37  ± 0.03 0.25 ± 0.01 32% ± 2% 0.38 ± 0.02 0.04 ± 0.01 90% ± 1% 
CN 0.46 ± 0.02 0.28 ± 0.01 40% ± 2% 0.42 ± 0.01 0.01 ± 0.00 98% ± 1% 
CA 0.38 ± 0.02 0.30 ± 0.01 21% ± 2% 0.41 ± 0.02 0.02 ± 0.00 94± 1% 
Note: Initial crack width was measured at 0 day, and final crack width was measured at 84 days. Healing ratio (RW) 












Figure 9-11 Progress of healing ratio in crack size over healing period at 0, 14, 28, 56, and 84 
days in the healing regime of (a) wet-dry cycle system specimens, (b) weekly wet-dry cycle 
system specimens, (c) deposition medium specimens, (d) semi-submerge specimens 
 
In addition to crack-width healing, progress of crack closure was monitored visually during 
healing period via optical microscope. Figure 9-12 to Figure 9-15 show the detailed progression 





daily wet-dry cycle healing regime (daily), REF had no crystal precipitation within the crack, 
and therefore autogenous healing had not taken place. However, CTRL presented an opposite 
trend in this condition where some large white crystals were quickly formed at 14 days and the 
healing continuously proceeded in the following days. Even though, a small gap of 
approximately 10 µm remained in the middle of the healed crack. 
The healing of CTRL, as described in Chapter 7, was possibly due to the direct addition of 
calcium nitrate and yeast extract which resulted in a greater content of calcium hydroxide in 
mortar matrix. This may be further carbonated to calcite in the crack during the healing period. 
CA and CN sample presented overall great healing, and the crack was visually healed at 28 
days in both cases. Sample CN even had more precipitate crystals formed in the vicinity or on 
the surface of crack. For ORC-based samples, CAO and CNO showed greatest healing among 
samples in daily wet-dry cycle healing regime, where crack was visually closed at 14 days. 
For mortars placed in weekly wet-dry cycle healing regime (weekly), it was shown that the 
REF had few white crystals formed along the crack face at 56 days. CTRL mortar in ‘weekly’ 
regime performed similar trend to CTRL in ‘daily’ regime where crystals were rapidly formed 
in 28 days. However, bacteria-based mortars showed significant weakened precipitation than 
these in ‘daily’ regime, where no healing precipitate was observed at 84 days. 
Cracks of mortars in deposition medium healing regime (DM) are given in Figure 9-14. After 
84 days in the healing regime, all mortars showed large open crack with only few precipitated 
crystals on the faces of crack. As the healing progression of cracks showed, large white crystals 
were observed formed on REF and CTRL at 14 days. However, no more precipitation took 
place in the following days resulting in only slightly healed crack at 84 days. For CN mortar, 
healing precipitation progressed well at the beginning where crystals were massively formed at 
14 days and blocked the crack completely at 56 days. However, all formed precipitates 
disappeared at 84 days resulted in a large reopened crack. CA mortar performed the same way 
with rapider healing in the first stage while the crack closed completely at 14 days, but the 
reopened crack appeared again at 84 days. 
In semi-submerge healing regime (semi), mortars presented different degrees of healing. REF 
revealed formation of crystals at 84 days. For CTRL mortar, large crystals were able to be 
observed at 14 days and complete healing occurred at 28 days. CN mortar had rapidest healing 
among all mortars in ‘semi’ where complete crack closure occurred at 28 days. However, CA 
illustrated relatively slow precipitation rate at the beginning while only few crystals were 
formed on the faces of crack at 14 days. But more loose precipitates were further formed in the 























































Figure 9-13 Crack healing progress of mortars in weekly wet-dry cycle healing regime over 84 















Figure 9-14 Crack healing progress of mortars in medium deposition healing regime over 84 
















Figure 9-15 Crack healing progress of mortars in semi-submerge healing regime over 84 days, 
(a) REF, (b) CTRL, (c) CA, (d) CN, (e) CAO, (f) CNO 
 
Water flow test results 
A water permeability test was conducted parallel to the microscopic investigation to evaluate 
the water migration changes due to crack propagation. Figure 9-16 presents the water 
permeability results of specimens in the four healing regimes. These results were generally 









In the daily wet-dry cycle healing regime, REF had only slight reduction in water flow 
coefficient (from 0.056 cm/s to 0.035 cm/s), resulting in 35% healing ratio (RP %). Noticeably 
that REF had higher RW (35%) than Rp (0%), this possibly because autogenous healing occurred 
in deeper crack rather than surface, and this healing still contributed to the recovery in water 
tightness. Consistent with RW results, in daily wet-dry cycle healing regime, only CN illustrated 
slightly lower value at 28 days than the other four mortars (CN, CA, CNO, and CAO), the final 
healing ratios (RP) at 84 days of these five mortars, except REF, were all around 100%, indicting 
significantly great healing. 
For the specimens in weekly wet-dry cycle healing regime, final water flow coefficient of all 
mortars was significantly increased resulting in low RP values compared to these in ‘daily’ 
regime. Healing ratio of REF fluctuated over the healing period and resulted in generally no 
changed K1 at 84 days. For all the mortars in weekly wet-dry cycle condition, CTRL presented 
highest healing ratio (RP). Bacteria-based mortar revealed varied healing degrees but generally 
very low. ORC-based samples illustrated overall greater healing than PVA-based samples.  
For specimens in deposition medium healing regime. REF showed gradually increased healing 
ratio and greater healing than REF mortars in ‘daily’ and ‘weekly’ healing regimes. For CTRL 
in ‘DM’ regime, early increase of healing ratio was detected over the first 56 days, but the ratio 
was slightly dropped at 84 days and resulted in the healing ratio of about 66% which was the 
same to the REF in ‘DM’ regime. However, in accordance to visual results, healing ratio (RP) 
of CN and CA exhibited rapid rise at the beginning of healing, particularly at 28 days, but the 
ratio then dropped suddenly at 84 days leading to even lower RP than REF and CTRL.  
Semi-submerge system results are given in Figure 9-16 (d). REF showed greatest healing 
among all REF mortars in these four healing regimes, where the water flow coefficient has 
dropped from 0.087 cm/s to 0.028 cm/s with RP of 67%. In addition, the healing of REF in 
‘semi’ regime mainly took place over the early 54 days. For CTRL, the healing continuously 
occurred over the entire healing period (84 days), resulting in a mostly closed crack as reflected 
by RP. Sample CA and CN had the healing generally happened at 28 days, and final K1 and Rp 






Table 9-4 Mean value of initial and final water flow coefficient at 84 days of mortar specimens 
in each healing regime 
 Daily wet-dry cycle Weekly wet-dry cycle 
Initial K0 Final K1 RP% Initial K0 Final K1 RP% 
REF 0.056 ± 0.003 0.035 ± 0.002 35% ± 3% 0.078 ± 0.004 0.074 ± 0.001 5% ± 1% 
CTRL 0.075 ± 0.002 0.0006 ± 0.000 99% ± 0% 0.080 ± 0.003 0.022 ± 0.001 72% ± 2% 
CN 0.045 ± 0.002 0.0002 ± 0.000 99% ± 0% 0.010 ± 0.001 0.050 ± 0.003 50% ± 3% 
CA 0.063 ± 0.003 0.0001 ± 0.000 100% ± 0% 0.090 ± 0.002 0.070 ± 0.002 22% ± 3% 
CNO 0.014 ± 0.001 0.00002 ± 0.000 99% ± 0% 0.066 ± 0.002 0.025 ± 0.001 62% ± 2% 
CAO 0.032 ± 0.002 0.00001 ± 0.000 100% ± 0% 0.066 ±0.002 0.020 ± 0.001 69% ± 2% 
 Deposition medium Semi-submerge 
 Initial K0 Final K1 RP% Initial K0 Final K1 RP% 
REF 0.154 ± 0.002 0.052 ± 0.003 66% ± 3% 0.087 ± 0.003 0.028 ± 0.002 67% ± 2% 
CTRL 0.216 ± 0.003 0.074 ± 0.001 66% ± 2% 0.080 ± 0.002 0.001 ± 0.001 99% ± 1% 
CN 0.060 ± 0.002 0.026 ± 0.002 57% ± 3% 0.086 ± 0.003 0.000 ± 0.000 100% ± 0% 
CA 0.030 ± 0.004 0.015 ± 0.001 50% ± 3% 0.133 ± 0.004 0.002 ± 0.000 99% ± 0% 
















Figure 9-16 Water flow test results of mortars in (a) daily wet-dry cycle, (b) weekly wet-dry 
cycle, (c) deposition medium, and (d) semi-submerge healing regime. 
 
SEM and EDX of healing products  
Samples showed great healing under optical microscopy were selected to be subjected to SEM 
and EDX to detect the morphologies of the healing products. As Chapter 6 and Chapter 7 have 
investigated CA and CN in ‘daily’ regime, CA and CN in ‘semi’ regime were selected as the 
representative. For samples containing ORC-ACGS, ‘daily’ regime showed greater benefit to 
the healing, therefore CAO and CNO in ‘daily’ healing regime were investigated as well. In 
Figure 9-17, SEM images of CA and CN in ‘semi’, CAO and CNO in ‘daily’ regime are 
presented. 
As the images show, CA sample in ‘daily’ regime illustrated a large number of rhombic crystals 
with smooth surface in the vicinity of crack, while CN sample presented smaller round-shaped 
crystals formed on some large rhombic crystals. Different calcium sources may be one of the 
reasons. For these ORC-based samples, all these healing products were presented in a form of 
rhombic and sharp crystals. Similar finding was noticed in Chapter 8 on mortar CTRL which 
was cement mortar directly added by calcium nitrate and yeast extract. For CTRL in Chapter 8, 
the healing was mostly composited of calcite carbonated from calcium hydroxide. Therefore, 
some crystals shown in CAO and CNO were believed to be calcite carbonated from calcium 




oxygen and calcium hydroxide. In this case, larger quantity of calcium hydroxide was presented 
in CAO and CNO, and consequently form calcite. This finding also ascertains that calcium 
peroxide had successfully released and reacted with water. Likewise, oxygen was believed to 

























Figure 9-17 SEM images of sample, CN, CA, CAO, and CNO at 84 days after cracking, 
showing the healing products filling in the crack and the morphologies of healing crystals 
 
To better understand the difference in chemical composites, element line perpendicular to the 
crack of CN in ‘daily’ regime is given in Figure 9-18, and the line was drawn on side surface 
close to the top notch. The elementary map showed that the silicon concentration was generally 
low along the line but still less in the healing product compared to the mortar sample itself. 
However, calcium concentration was shown to have inverse trend to silicon with raising 
quantity in healing product. It is noticeable that calcium concentration in the vicinity of original 
crack was also found to be relatively high, this might be due to the overdose produced calcite 
that precipitated out of crack. 
Figure 9-19 and Figure 9-20 show SEM and elementary map images of healed crack of 
specimens CN and CNO in ‘daily’ regime, and images were taken on side surface close to the 
bottom. For CN in ‘daily’ regime, elementary distribution did not reveal difference between 
healing product and mortar matrix. But for CNO in ‘semi’ regime, carbon was apparently 
concentrated less in healing products, whereas calcium illustrated opposite. It is clear that the 
introduction of ORC caused this difference. For CN mortar, as GM-CN were directly added 
into mortar matrix, although bacteria can use calcium and then precipitate calcite within the 
crack, total contents of all ions and distribution should generally remain same during healing. 
However, in CNO, calcium peroxide was newly introduced to crack upon cracking, as a result 
from reaction between calcium peroxide and water, a large number of calcium hydroxide was 
formed in the process of healing while ORC dissolved in water. Therefore, the elementary map 




































9.4.1 Healing efficiency in different healing regime 
Unlike in the ureolytic pathway where calcite precipitation is achieved by hydrolysis of urea, 
in the non-ureolytic MICP pathway, the formation of calcite is mainly based on the metabolic 
degradation of the embedded calcium compounds [228]. Oxygen is not only needed during the 
bacterial cells’ germination and growth, but also used as the electron acceptor in the metabolic 
reactions. Therefore, in this study, different water to oxygen ratios by adjusting the healing 
regime, and by including introducing oxygen-releasing substance to BBSHM, have been 
investigated. 
By visual observation and water flow test, the self-healing efficiency of specimens in different 
healing regimes was reported. The influence of introducing ORC will be discussed in next 
section. In general, water was shown to be more essential than oxygen to the healing of BBSHM. 
Mortars containing self-healing components showed complete crack closing and great recovery 
in water-flow resistance in water-abundant conditions (‘daily’ and ‘semi’ regimes) but not in 
condition with limited-supplied water (‘weekly’ regime). REF had no healing products formed 
and recovery in water-flow resistance in ‘daily’ and ‘weekly’ regimes, but more healing took 
place in ‘semi’ regime, which may suggest that the semi-submerge system enhanced 
autogenous healing by supplying water and oxygen simultaneously. It was observed that CTRL 
also presented the highest degree of healing in water-abundant healing regimes, which may be 
due to the presence of large amount of calcium nitrate and yeast extract in the cement matrix, 
leading to enhanced autogenous healing as Chapter 7 explained.  
Based on the presented results, a ‘weekly’ regime is clearly evidenced to be less helpful to 
healing than a ‘daily’ regime. For REF and CTRL mortars, it can be reasoned that autogenous 
healing needs more water for the second hydration rather than CO2 for the carbonation of 
calcium hydroxide. Healing in bacteria-based mortars were also less promoted in the ‘weekly’ 
regime, particularly calcium acetate-based specimens. Noticeably in the weekly wet-dry cycle, 
CTRL showed highest degree of healing among all samples, suggesting that compared to 
autogenous healing, autonomous healing needs more water rather than oxygen or CO2. Another 
possible reason is that in the weekly wet-dry cycle healing regime, the longer wet phase may 
cause hypoxia of bacteria that further negatively impacts calcite precipitation. 
In theory, the embedded calcium source (4.55g) in the mortar can only be converted to 2.77-
2.87g calcite which is insufficient to fill the crack completely. In the deposition medium system, 
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2g/L yeast extract and 10 g/L calcium acetate/calcium nitrate solution was used as the 
deposition medium in the daily wet-dry cycle system to provide extra calcium source and 
nutrients for bacteria. From the visual observation and water flow coefficient, at the earlier 
stage (in the first 54 days), bacteria-based specimens in the ‘DM’ system showed rapidest 
healing compared with these mortars in the other three healing regimes. However, these 
precipitates disappeared quickly in the following 28 days, resulting in a large, reopened crack 
at end. The reason for this phenomenon is unknown so far, some hypothesises can be stated. 
Zhang et al. [172] noticed that with the increase of yeast extract concentration from 0 to 5 g/L 
in bacterial sporulation medium, the amount of bacterial spore viability and calcium 
precipitation increased remarkably. However, some researchers [76,143,177] found that the 
amount of calcite precipitates increased with the initial increase of calcium concentration, but 
overdose calcium source can cause a sharp decrease in the amount of calcite precipitates. 
According to Wang et al. [76], over saturation of calcium ions in the solution leads to the 
reaction between Ca2+ and OH- to form Ca(OH)2, where the amount of OH- in solution was 
reduced and pH value decreased. However, alkaline environment was preferable for 
transferring CO2 to CO32- and precipitating calcite, thereby with the death of bacteria, the 
healing efficiency could be negatively affected in the deposition medium healing regime at the 
later stage. Another possible reason is that the overdose yeast extract in the healing regime 
attracted some other atmospheric bacteria which can produce acidic substance, so the 
precipitated calcite was dissolved by the acidic products. However, different healing 
phenomenon was noticed on REF and CTRL mortars, during the entire healing period, only 
large cubic crystals were formed and attached on the mouths of crack instead of dense 
precipitates. Even so, REF in DM healing regime had lowest final water flow coefficient than 
REF mortars in other healing regimes, but CTRL revealed the opposite. Calcium hydroxide in 
CTRL failed to be converted to calcite, which is possibly due to the overdose amount of calcium 
hydroxide explained by Wang et al. [76]. However, based on the different healing phenomenon 
between CN, CA and CTRL it can be suggested that the immobilized bacteria caused quick 
healing at the earlier stage. Bacterial amount increased sharply at the beginning at the presence 
of abundant yeast extract, resulting in the metabolic formed calcite. But with the death of 
bacteria at the later stage, calcite production stopped in parallel with the converse dissolution 
of Ca(OH)2 and acidification of the environment, so that calcite was eventually dissolved. 
By analysing the mortars in ‘semi’ regime, REF showed highest RK value among REF mortars 
in all healing regimes except ‘DM’ regime as described above. It should be noted that CN in 
semi-submerge healing regime illustrated dramatic decrease in crack size and water flow 
coefficient, where the crack was visually completely closed at 14 days and the water-flow 
resistance has been recovered completely at 84 days. However, compared to mortars in ‘daily’ 
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regime, results of CA in semi-submerge showed no big difference, and CTRL even performed 
worse in ‘semi’ regime. As previous discussion on ‘weekly’ and ‘daily’ regime, water is 
believed to be more essential to both autogenous and autonomous healing, it is clear that water 
supplement in ‘semi’ regime was sufficient for CN and REF mortars but not for CTRL and CA 
mortars. CTRL sample contained more calcium-based compounds than REF, therefore more 
water is demanded for dissolving these compounds and triggering autogenous healing. And for 
CA sample, since bio-agents were encapsulated first, more water is needed to successfully 
release these bio-agents from ACGM to the crack region, therefore CN performed greater than 
CA in semi-submerge healing regime. 
Overall, mortars performed different healing degree in these four regimes. The results indicated 
the important of water to both autogenous and autonomous healing. Daily wet-dry cycle healing 
regime was still evidenced to be best healing regime for CA mortar, while CTRL, REF and CN 
performed greatest in semi-submerge. Extra supplied calcium and yeast extract promoted 
healing at the earlier stage for bacteria-based mortars but ended in worst healing results, this is 
possible because of the formation of overdosed Ca(OH)2 which caused converse dissolution of 
Ca(OH)2 or contamination of atmospheric bacteria. However, if calcium amount is much lower, 
such as given in Chapter 8, where calcium hydroxide was derived from cement hydration itself, 
calcium hydroxide may enhance MICP in this case. 
9.4.2 Effect of oxygen releasing coating on the healing performance 
Kinetics of cement hydration shown in Figure 9-5 suggested that PVA and ORC effectively 
prevented rupture of ACG during mixing process, where no retardation of cement hydration 
was observed. However, cumulative heat has been reduced initially, although the reason is 
unknow so far, final heat was close between each sample. SEM images of coated ACG 
evidenced that the ACG can be successfully coated by PVA and ORC, confirming the feasibility 
of using ORC as a coating material. The calculation on the thickness of coating suggested the 
negligible influence of introducing ORC on the geometry of ACG. Therefore, ORC is 
considered to hardly have effect on the mechanical properties of ACG.  
In the oxygen-releasing test, the broken ORC-ACG (100g) ultimately released 683.3ml oxygen, 
whilst the intact ORC-ACG was shown to be highly water-resistant by releasing only 65.24 ml 
oxygen at the end. 
From visual observation and water flow result, CAO in ‘daily’ regime presented complete crack 
closure at 14 days and the water-flow coefficient has been completely recovered at 84 days. 
CNO showed similar trend in ‘daily’ regime with crack closed at the same age, but slight lower 
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final RW value than CAO. However, in ‘weekly’ regime, the healing in CNO and CAO have 
been remarkably weakened. Although from visual observation, CAO had no crystal formed 
within crack, some recovery in water-flow resistance was found. 
The finding on the healing rate of ORC-containing mortars evidenced the importance to provide 
more accessible oxygen to bacteria inside mortar sample. Weekly wet-dry cycle healing regime 
results suggested that to trigger the oxygen-releasing process, sufficient water is essential rather 
than the overlong dry phase. For the other mortars did not contain ORC, although CN and CA 
in ‘semi’ regime revealed healing ratio in water flow (Rp) value of nearly 100% as the highest, 
healing ratio in crack width (RW) did not reach 100% in this case. Therefore, CNO and CAO 
mortars in ‘daily’ regime illustrated greatest healing capacity among all mortar as both RP and 
RW reached 100%. 
As the oxygen-releasing material, calcium peroxide (CaO2) produces oxygen by reacting with 
water, calcium hydroxide is the by-product in this process. It has been argued that whether the 
added calcium source in BBSHC is sufficient to react with CO32- to form calcite [166]. From 
the elementary map of CNO mortar given in Figure 9-20, calcium concentration is obviously 
higher in the crack area than the surrounding, whereas carbon showed opposite. But the EDX 
mapping of CN given in Figure 9-19 did not show this difference. This can be due to the 
released calcium peroxide which further reacted with water and produce calcium hydroxide. 
Another evidence can be found on the SEM image of CNO (Figure 9-17), where the calcite 
crystals formed in the vicinity of crack were suggested to be derived from calcium hydroxide. 
9.4.3 Comparison between the utilization of calcium nitrate and calcium acetate as 
calcium source 
In Chapter 7, calcium acetate and calcium nitrate has been compared as different calcium source 
in MICP using non-ureolytic bacteria, in this chapter, these two calcium sources also showed 
some differences in terms of different incubation system.  
From the presented results, calcium nitrate-based specimens showed generally greater healing 
in weekly wet-dry cycle, deposition medium and semi-submerge healing regime compared to 
calcium acetate-based mortars. 
In the metabolic reactions, calcium acetate (C4H6O4Ca) can be converted to calcite without 
extra needed source. But for calcium nitrate(Ca(NO3)2), carbon is missing in the chemical 
composites, suggesting that extra carbon source is demanded in the calcite (CaCO3) 
precipitation. Yeast extract embedded in the mortar matrix was believed to be the carbon 
supplier to this calcite precipitation. However, from the obtained results, calcium nitrate 
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mortars, including CNO, performed greater than CA and CAO only when subjected to longer-
lasted dry phase or extra added calcium and yeast extract. In these regimes, more carbon source 
was available either from atmosphere or supplement. This evidences that the embedded yeast 
extract may not be sufficient to the calcite precipitation that took place in CN or CNO. 
Calcium acetate and calcium nitrate have been embedded in mortar matrix by different methods 
in this study. Calcium nitrate and yeast extract were directly added, whilst calcium acetate and 
yeast extract were encapsulated in ACGM. In ‘daily’ regime, with the frequent and abundant 
supplement of water, duo to the lack of carbon in calcium nitrate mortars, calcium acetate-based 
specimens were reasoned to performed greater in this case. However, in ‘semi’ regime, 
although carbonation effect was enhanced, insufficient water could not completely release 
calcium acetate and yeast extract from ACGM, leading to a relatively lower degree of healing.  
Overall, it can be concluded that direct addition of bio-agents makes calcium source and yeast 
extract more accessible to bacteria. Calcium nitrate can be seen as a better calcium source for 
MICP when yeast extract or carbon source is sufficiently supplied. 
 
9.5 Conclusion 
This study has shown sufficient water is more necessary than oxygen to non-ureolytic bacteria-
based self-healing mortar during the healing period. We note that an overdose of calcium source 
(10g/l) and yeast extract (2g/l) solution in cycling water may cause rapid precipitation in 
bacteria-based mortar sample at the beginning, 56 days in this study, but these precipitates were 
decomposed, or dissolved, in later stage at 84 days. 
Calcium peroxide was shown to be successfully coated on ACG and release oxygen during 
healing. Results confirmed the importance of supplying oxygen to bacteria-based self-healing 
concrete, where the healing efficiency was massively enhanced. 
Calcium nitrate showed greater healing efficiency than calcium acetate while sufficient carbon 
source is available. And the embedding method of calcium nitrate (direct addition) facilitates 
manufacturing process and also decreases water demand during healing period. 
The following conclusions can be drawn: 
1. Compared with oxygen, water is more essential to the non-ureolytic bacteria-based 
self-healing mortar, daily wet-dry cycle and semi-submerge system were considered 
to be most suitable healing regimes. 
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2. Overdose nutrients in the healing environment may cause rapid precipitation in 
BBSHM at the beginning but quick dissolution of precipitates in the following 
period. 
3. ORC was confirmed to remained intact during the mixing process and have minor 
effect on the dimension and morphology of ACG. 
4. From visual observation and water flow results, oxygen releasing coating was 
shown to have positive effect on the self-healing performance of BBSHM, while 
mortars with ORC showed complete recovery both in crack size and water-flow 
resistance. 
5. Compared with calcium nitrate-based specimens, calcium acetate-based specimens 
required more water to release encapsulated nutrients and mix bio-agents. Calcium 




10 Chapter 10 Summary, conclusion and recommended further 
works 
10.1 Introduction 
Given the results obtained in this study, the generally overarching conclusion can be addressed 
as, PVA coating was shown to be more feasible in BBSHM than double-layers coating. ACG 
was firstly evidenced to be a promising carrier in BBSHM and performed better than perlite. 
And for the first time, calcium nitrate was evidenced to be a calcium source to MICP using 
non-ureolytic bacteria and can be directly added into mortar matrix with YE. Carbonation was 
firstly confirmed to significantly weakened MICP efficiency, but more YE still led to greater 
healing in this case than less YE used in BBSHM. Generally, water was more essential than 
oxygen to MICP, and oxygen-releasing coating was firstly used in BBSHM and showed its 
feasibility. 
However, still some issues unclear in this research. Although ACG was shown to be better in 
BBSHM than perlite, using lightweight aggregate still weakened flexural strength of the mortar 
to some extent. Although calcium nitrate efficiently compensates the retardation of cement 
hydration caused by YE, still some retardation occurred during cement hydration while calcium 
nitrate and YE were directly added into mortar matrix. Although increasing the content of YE 
could lead to more healing in the case of carbonation, the healing degree of carbonated BBSHM 
was significantly less than uncarbonated, carbonation is inevitable in the utilization of concrete, 
therefore it is urgent to solve the negative impact of carbonation on MICP.  
The summary given in this chapter presents the results of literature review and experimental 
analysis and summary shown in each chapter. Moreover, this chapter gives the conclusions 
drawn from work in this thesis and gives suggestion on the appropriate further future work for 
the continued development of bacteria-based self-healing concrete. 
 
10.2 Main findings 
10.2.1 Step 1: Improvement in the utilization of encapsulation material - using ACG 
rather than perlite - for BBSHM 
In Chapter 5 and 6, to improve the feasibility and performance of carrier, perlite and ACG were 
used and compared in BBSHM, the main findings are addressed as below: 
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• Mortars in Chapter 6 using ACG showed general greater healing efficiency - in both 
crack width and water flow coefficient - than mortars in Chapter 5 using perlite. 
• By analysing the water absorption coefficient and density of perlite and ACG, per 
mm3 of ACG can absorb more water and consequently contain more bio-agents. 
Since standard sand in mortar was replaced by lightweight aggregate by volume, 
ACG can potentially encapsulate more bio-agents at the fixed volume. 
• ACG had generally smaller granule size, which means mortar using ACG is 
suggested to have denser and less porous structure than mortars using perlite. 
Although ACG is generally more porous than perlite, the coating of PVA filmed 
ACG and reduced the porosity of ACG in the later stage of utilization in BBSHM. 
Therefore, this dense structure using ACG enhanced the water permeability property 
of mortar and consequently improved the healing efficiency of mortar. 
In addition, two types of coating for the carrier were used, one is the double-layer (DL) coating 
consists of sodium silicate and cement powder, and another is the PVA (polyvinyl acetate) 
coating, following findings can be addressed: 
• DL coating mainly consisted of cement powder and sodium silicate, therefore the 
cement powder may influence the cement hydration and following healing process, 
whereas PVA showed slightly influence on these processes. 
• DL coating was much thicker than PVA, in this case, under the same volume, less 
perlite was contained in DLC-coated perlite and PVA-coated perlite, and 
consequently less bio-agents were encapsulated. 
• Larger granules were noticed in DL-coated perlite than these using PVA, as the 
discussion given in previous section, larger size of granules may lead to porous 
structure of mortar and therefore negatively affect healing efficiency. 
10.2.2 Step 2: The potential relationship between the amount of bacteria, calcium 
acetate, and yeast extract 
To optimize the healing efficiency in BBSHM, different numbers of bacteria, calcium acetate, 
and yeast extract were used in Chapter 6. A possible relationship was drawn based on the results 
given in Chapter 6. The hypothesis suggests that there is possibly an optimal range for bacterial 
amount in terms of certain quantity of calcium source. When bacterial numbers below the range, 
the embedded calcium source is unbale to be completely consumed, while bacterial amount is 
over the range, over-formed calcite may block the pathway and prevent further precipitation.  
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10.2.3 Step 3: Investigation on utilization of two types of calcium source for bio-agents 
To facilitate the manufacturing process of BBSHM, nutrients including calcium source and 
yeast extract were considered to be directly added into mortar matrix. As yeast extract could 
retard cement hydration, calcium nitrate as an accelerator was investigated as calcium source 
to non-ureolytic bacteria in terms of microbially induced calcite precipitation. Based on the 
results shown in Chapter 7, following conclusions can be addressed: 
• Calcium nitrate has proven to compensate the retardation caused by yeast extract, 
although direct addition of calcium nitrate and yeast extract still caused retardation to 
cement hydration. 
• Microbial test confirmed that calcium nitrate could be used by non-ureolytic bacteria 
to precipitate calcite, but the precipitation rate was lower than calcium acetate, 
possible reason is that extra carbon source is needed while using calcium nitrate. 
• Mortar sample using calcium nitrate revealed great healing, both healing ratio of 
crack width and water flow coefficient reached 100% at 84 days after cracking. 
10.2.4 Step 4: Effect of carbonation on the healing efficiency of BBSHM 
Concrete is carbonated all the time during utilization, therefore it is essential to investigate the 
effect of carbonation on the healing performance of BBSHC. Study of carbonated BBSHM 
given in Chapter 8 demonstrated following findings: 
• Calcium hydroxide was thought to be one of the main calcium sources for MICP in 
the uncarbonated mortar. However, it may be carbonated and consumed during the 
carbonation process, and consequently become unavailable to bacteria. 
• Direct added calcium source, e.g., calcium nitrate in this study, was possibly 
carbonated during carbonation, therefore mortars containing directly added calcium 
nitrate did not show apparent healing. 
• Encapsulation has been evidenced efficiently protected bio-agents and prevent the 
carbonation effect on bio-agents. Only samples had bio-agents encapsulated showed 
healing after carbonation, although calcium hydroxide as the cement hydration 
product was carbonated, the encapsulated calcium source was suggested to be the sole 
calcium source to MICP. 
• For these carbonated sample, where bio-agents were encapsulated, biofilm was 
noticed formed in the vicinity of crack, evidencing the occurrence of bacterial 
activities. In addition, higher amount of yeast extract was found promoting the 
formation of biofilm and calcite. 
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10.2.5 Step 5: Effect of healing regimes on the healing efficiency of BBSHM 
As the in-site environment for concrete during utilization may vary, healing performance of 
BBSHC in different healing conditions was investigated. Four of following healing regimes 
were developed and evaluated:  
Daily wet-dry cycle healing regime: Wet-dry cycle healing incubation with 8-hours wet and 
16-hour dry daily was used. 
Weekly wet-dry cycle healing regime: 3-days wet and 4-days dry weekly cycle incubation 
was used. 
Deposition medium healing regime: In this incubation, the wet and dry phase remained same 
to the daily wet-dry cycle healing regime, whereas growth media was added into the cycling 
water. Calcium acetate or calcium nitrate, corresponding to the calcium source used in the 
mortar, was added by 10 g/l, and yeast extract was added by 2 g/l. 
Semi-submerge healing regime: In this incubation system, samples were placed by half 
submerged under water during the entire healing period. 
In addition, to better understand the impact of supplement of oxygen and water on the healing 
performance of BBSHM, oxygen-releasing (OR) coating using calcium peroxide was 
developed. Overall, summaries of results in Chapter 9 are listed as below: 
• For both autogenous and autonomous healing, water was shown to be more essential 
than oxygen. 
• With extra supplied calcium and yeast extract in the healing incubation based on daily 
wet-dry cycle healing regime, bacteria-based mortar presented rapid calcite 
precipitation in the beginning, but healing products disappeared at 84 days after 
cracking. But REF and CTRL had gradually precipitated crystals over the 84-days 
healing period. 
• Semi-submerge healing regime showed greater promoting effect on mortar having 
growth media added directly in the matrix, while for the mortar having encapsulated 
bio-agents, the absorbed water may fail to release these bio-agents and mixed them. 
• Broken ORC was proven to produce a considerable amount of oxygen while 
submerged under water, and mortar containing ORC also revealed great healing 
efficiency. In addition, ORC is thought to produce calcium hydroxide which may 
contribute to calcite precipitation as well. 
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10.3 Overall conclusions from this study 
he details of findings in this work can be listed as: 
1. This study confirmed that aerated concrete granule (ACG) is a promising carrier to be 
used in BBSHM in terms of water absorption capacity, granule size, strength, and 
healing performance. 
2. PVA (polyvinyl acetate) showed overall greater feasibility in BBSHM than DL 
coating. PVA is thinner and lighter having less impact on the morphologies of 
lightweight aggregate carrier and cement hydration. In addition, by replacing same 
volume of sand, PVA coated carrier can contain more bio-agents. 
3. Calcium nitrate was the first time evidenced to be the calcium source for non-
ureolytic bacteria. Calcium acetate and calcium nitrate had overall similar healing 
performance at 28-days aged mortar samples. However, lack of carbon may limit the 
healing capacity of calcium nitrate. 
4. Carbonation significantly weakened the healing of BBSHM, therefore calcium 
hydroxide was suggested to be one of the main healing sources, from either being 
carbonated to calcite or being calcium source to MICP. Among the carbonated 
mortars, only mortar containing encapsulated bio-agents showed healing, suggesting 
that the encapsulation prevent carbonation of calcium source as well. Higher yeast 
extract significantly promoted bacterial growth as some biofilm was noticed formed 
within the crack. 
5. Water is believed to be more essential to healing than oxygen. Frequently switched 
wet-dry cycle healing condition enhanced the healing efficiency of BBSHM mostly. 
Furthermore, semi-submerge system contributed greater to mortar containing directly 
added nutrients rather than encapsulated. 
6. ORC was evidenced to release oxygen under water and this type of coating was 
shown to be feasible in BBSHM. 
 
10.4 Recommended future study topics 
Based on the presented study, following recommendation for future work can be listed as: 
1. Although the addition of calcium nitrate compensated retardation caused by the direct 
addition of YE, the cement hydration was still retarded to some extent, to level the 




2. The healing was noticed only surface occurred, where a shallow and thin healing layer 
was filled by calcite, therefore, more effort should be done in the future in terms of 
precipitate more calcite to complete fill the crack. 
3. More effort should be made on addressing the negative impact of carbonation on the 
healing efficiency, more long-term test should be done. Some studies should be done 
in terms of pH value and available calcium source in mortar to investigate the 
mechanism of the negative impact of carbonation. 
4. The on-site application environment for concrete may vary, particularly the 
temperature. As the temperature in UK is relatively low, it is necessary to evaluate the 
efficiency of MICP at low temperature. 
5. So far, only few on-site trials have been conducted, however, it should be noted these 
site trials have not tested the efficiency of self-healing but only finished the 
construction. Therefore, to scale it up for industrial application, some on-site tests, in 
terms of cracking and healing, should be studied.  
6. To meet the requirement of industrial application, concrete sample, e.g., standard 
concrete, reinforced concrete, or precast concrete, using bacteria-based self-healing 
materials should be cast. And healing efficiency of MICP in these concrete samples 
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